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Due to rotor at wing 
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East  (+ ~ a s t )  































ESAS, RSAS, SCAS a c t u a t o r  inpu t s  t o  the  e l e v a t o r ,  rt!dder, and In .  
AS AS a i l e r o n ,  r e s p e c t i v e l y  
Symbol Description Units 
" F 
F ~ ~ 9  '*T, PD Stick and pedal forces from pilot (+ fwd, + right. Lb. 
+ right) 
F~ Flap posit i m  indicator - 
H~ Aero H-force on left rotor + backward (cpward) Lb. 
in mast axis system 
W HP required to drive left rotor 
RL 
'%R HP required to drive right rotor 
H~ Aero H force on right rotor + bachvard (upward) Lb. 
ia mast axis system 
h Radar altitude of aircraft 
i Aircraft climb rate 
Ixx Aircraft rolling incrtia, body axes 
ft/sec 
slug ft 2 
IXZ Aircraft product of inertia, body axes slug ft 2 
Aircraft pitching inertia, body axes slug it 2 IYY 
Aircraft yawing inertia, body axes slug ft 2 Izz 
Ke Elevator effectiveness factor, p. B-26 
L~ Aero lift on fuselage Lb. 
L Aero lift on horizontal stabilizer Lb. 
H 
L i WPL Aero lift on portion of left wing pylon immersed in Lb. 
rotor wake 
L i ~ ~ ~  Aero lift on portion of right wing-pylon immersed in Lb. 
rotor wake 
LLG Landing gear posit-on indicator ND 
Aero lift on portion of wing-pylon in freestreaj Lb. 
'A,*A*~A Total rolling, pitching and yawing moment on aircraft Lb. 
about body X, Y, 2 axes 
lFsMF pNF Rolling, pjtching and yawing moments on fuselage about Lb Ft 
body X, Y, Z axes 
$ 
~ L + ~ L  Rolling, pitching and yawing moments about body X,Y,Z 
Lb Ft ; k I axes, due to left rotor forces 
jr 
'R%*~R Rolling, pitching and yawing moments about X , Y , Z  axes, Lb Ft 
due to right rotor forces 
.. .. btb'%P Rolling, pitching and yawing moments due to wing-pylon, Lb Ft I about body X,'i,Z axes 
Symbo 1  
lip 9 M;e , N i p  
Descr ip t ion  
Rol l ing ,  p i t c h i n g  and yawing momt n t s  clue Lo wi.r,g-pylon 
i n  wind axes system 
Dis tance from the CG t o  swashplate ,  Body X ,  Y ,  Z .ts 
Aero p i t c h i n g  moment due t o  h o r i z o n t a l  s t a b i l i z e r  i n  
body axes 
Aero p i t c h i n g  moment due t o  h o r i z o n t a l  s t ab i1 . i z t r  in  
wind axes 
Mach number 
F/A f l app ing  r e s t r a i n t  moment exer ted  by l e f t  r o t o r  
on a i r f rame ,  mast axes system (nose u p )  
F/A f l app ing  r e s t r a i n t  rroment exer ted  by r i g h t  r o t o r  
on a i r f rame ,  mst  axes system (nose up) 
L a t e r a l  f l app ing  r e s t r a i n t  moment exer ted  by l e f t  
r o t o r  on a i r f rame ,  mast axes system (hub outboard)  
L a t e r a l  f l app ing  r e s t r a i n t  moment exer ted  by r i g h t  
r o t o r  on a i r f rame ,  mast axes systen,  (hub outboard) 
Dis tance from takeoff  po in t  i n  the  d i r e c t i o n  g r i d -  
North (+ North) 
Linear a c c e l e r a t i o n  components of a i r c r a f t  cg i n  
body axes system ' 
P o s i t i o n  of a i r c r a f t  cg w r t  ground 
Ambient p ressure ,  a b s o l u t e  
A i r c r a f t  r o l l ,  p i t c h  and yaw r a t e s  i n  body axes 
system 
A i r c r a f t  angular  a c c e l e r a t i o n s  i n  body axes system 
Lef t  r o t o r  a e r o  to rque ,  + crying t o  slow r o t o r  down, 
mast axes system 
Torque supp l ied  by l e f t  powzr t u r b i n e  
Right r o t o r  a e r o  torque,  t t r y i n g  t o  slow r o t o r  
down, mast axes system 
Torque suppl ied by r i g h t  power tu rb ine  
Rotor r a d i u s  
Power Turbine RPM s e t  a t  100% (overspeed Ccverncr 
Proprotor  RPM s e l e c t e d  by the  p i l o t  
U t i i  t s 
LL IL 
I t  
Lb f t  
Lb f t  
ND 
L b  f t  
Lb f t  
Lb f t  
L b  f t  
xau t  . 
Miles 
g 
Nau t  . 
Miles 
p s i a  
rad/sec  
rad/sec  2 
Lb f t  
Lb f t  
Lb f t  
Lb f t  
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Symbol Description Units 
Left rotor wake contraction ratio ND 
'=CG 
Station location of aircraft CG In. 
T~ J,eft rotor aero. thrust, in mast axis + up (forward) I,b . 
T~ Right rotor aero, thrust, in mast axis + up (forward) Lb 
T Ambient temperature, absolute o 
a K 
u,v,w Velocity of aircraft CG, w.r. t. air, in body axes Ft/sec 
system, in X,Y,Z direction 
'EB J'EB*~EB Velocity components of aircraft CG, w.r.t. air, Ft/sec 
along earth-based axes 
UG,VG,WG Ground velocity components of aircraft CG 
uwJ"' Wind velocity components w.r.t ground 
Induced X-velocity at horizontal stabilizer in 
R/H body axes system, due to rotors 
B Induced X-velocity at vertical Fins, i;: body sxes 
"IR/V 
system, due to rotor 
E Induced X-veloc: ty at left wing, in body axes 
ui I R/W 
system, due to rotor 
Induced X-velocity ar right w: i i= ,  in body axes ~t/sec 
system, due to rotor 
vcAs Calibrated airspeed MPH 
v~ Total .inear velocity of aircract c.g. w.r.t, air Ft/sec 
Waterline of aircraft CG n~~ in. 
'i~ Uniform component of induced velocity at left rotor, ~t/sec 
+ downward, mast axes system 
W i ~  Uniform component of induced velocity at right 
F t/sec 
rotor, + downward, miist axes system 
Description 
~nduced 2-velocity at horizontal stabilizer, in. 
body axes system, due to rotors 
Induced L-velcLty at vertical fins, in body Lses 
system, ?ye to rotors 
Induced 2-velocity at left wing. in body axes system, . 
due to rotor 
Total forces on the aircraft in X,Y,Z directions, 
body axes system 
- 
~ollactiv~ strck position, inches i ~ o m  full down 
Aero forces on the fuselage, in body axes system 
Position indicator for flap actuator 
Aero forces on horizontal stabilizer, in body axes 
system 
A. co forces on portion of left wing-pylon in rotor 
wake, in body axes system 
Aero forces on portion af right wing-pylon in rotor 
wakn, in body axes sys tea 
-- 
Left rotor-forces ; c  body axes system 
Fosition indicator for lariciing gear .actuatcr 
Lorlgit~dinal stick. position, inches from f-111 aft 
Lateral stick position, incbes From full left 
Aero f crsts on main landing gear, in budy axes 
sys tern 
Aero forces on nose gear in body axes system 
Position of pedal, inches from full left 
Right rotor forces in body axes system 
UnLts 




















Aero forces on left fin, in body axes system 
Aero forces on right fin, in body axes system 
Angles cf the power levers on the fuel controls 
Aero forces on wing-pylon in Ereestrea;;:, in body 
axes system 
Position of mast tilt-actuator, perccnt 
Fuselage angle of attack 
Rate oE change of fusclage angle of sttack 
Anple-of attack at portion of right wing imerscd 
in r2tor wake 
Angle of attack at portion of left wing imcrsed 
in rotor wake 
Angle of attack at horizontal stabilizer 
Angle of attack cn porrion of wing outside ro l l ><  wake 
Fuselage sideship angle 
Mast conversion angle, + forward, meJsurtd from 
body ( - 2 )  axis, 0' is vertical, 90' is zero incidence 
Anglc of attack at vertical fins 
Pitch flap coupling 
Aileron mean deflection angle, + right aileron up 
Elevator deflection angle, + up 
Rudder deflection angle, + right pedal 
Wirg wake deflection at horizontal stabilizer 
Left rotor root collective pitch 
LC 't rotor cullective pitch input from proprotor 
collective goy. ernor 
xiii 
Symbo 1 Description IJni t s  
e o ~  
Right ro to r  root  c o l l e c t i v e  p i t ch  dcg 
e o w ~  
Right ro to r  co l l ec t ive  p i t ch  input from proprctor deg 
c o l l e c t i v e  governor 
h Inflow r a t i o  a t  l e f t  r o t o r ,  neglect ing rotor-induced 0L SD 
veloc i ty  
' h o ~  Inflow r a t i o  a t  r i g h t  ro to r ,  neglect ing rotor-induced hB 
veloc i ty  
pL Tip speed r a t i o ,  l e f t  ro to r  KD 
% Tip speed r a t i o ,  r i g h t  w t o r  





Rate of change of Euler angles 
Grid heading (+ clockwise from N) and Euler p i t ch  
angle of wind 
Lef r engine speed 








Interconnect s h a f t  spzed 
Left  ro to r  speed w . r . t .  a i r c r a f t  
LPT Left  power turbine speed, same a s  Tr EL 
Q~ 
Right ro to r  speed w,r. t .  a i r c r a f t  
'RPT Right power turbine speed, same a s  Q ER 
*m 
Latera l  mast t i l t  
V Distance from CG t o  gear 
n 
T Elevator e f fec t iveness ,  ?pH/: :e 
e  I ii 4.. r Rudder e f fec t iveness ,  3qV/btr 
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I. SUMMARY 
This report describes a mathematical model for real- t imr [Light simulation 
of the Bell Model 301 Tilt Rotor Research ~ircraftl. The inathematical nodel 
was developed under Contract NAS 2.6599 for mechanization of the NASA Ames 
Flight Simulator for Advanced Aircraft (FSAA)~. The objective of this prn- 
gram was to obtain a validated mathematical model ol the tilt rotor resc:i~-~h 
aircraft to support the aircraft design, pilot training, :ind pri,ol-c>t'-c- or.cept 
flight testing. 
The development of the mathematical model involved the r o  1 ;,.wing spec if ic 
tasks : 
(1) Derivation of equations representing the kinematic, dynamic, and 
aerodynamic characteristics of the Model 301's rotor, airFrame, 
flight control system and subsystem. Tkc natherr(atica1 model is 
described in Section 11 and the equations are presented in Appendix 
A. Model 301 parameters required as inputs to the equations are 
given in Appendix 3. 
(2) Checkout and validation of the mathematical model. A non-realtine 
digital computer program was c'evelopctf at B c  1 1  For this purpose. 
Comparison of performince and stability and c-nntr~l characteristics 
predicted using the subject ma thematical modr l :,.i ! b cxperimental 
data and with predictions using other computer progr:i-ns is presented 
in Section 111. 
) Support of the Tilt Rotor Research Aircraft Prc ject simulation 
effort at NASA Arnes. This involved providing technical assistance 
during checkout and validation of the FSAA/Sigma 8 mechaniz~tion 
of the mathematical model, Program BELTR (Program BELTR was 
developed by Computer Science Corporation under a separate contract 
and was used for the real time sinulation) and evaluation of the 
simulation by Bell Helicopter Company experimental test pilots. 
The results of the evaluation are given in Sectisn IV and recom- 
mendations for further development of the mathcr.atica1 model and 
the simulation are given in Section V. 
The structure of the mathematical model is indicatr -. #,, ii~e block diagram 
shown in Figure 1-1. The mathematical model differs from that ior a con- 
ventional ffxed-wing pircraft principally in the added requiremeats to repre- 
sent the dynamics and aerodynamics of the rotors, the interaction uf the 
rotor wake with the airframe, and the rotor control and drive systems 
(Subsystems 1, 2, 8(a) and 19 in Figure 1-1). The portion of Lhe block 
diagram enclosed by a dashed line is conmcn to all simulation mathematical 
models; in the BELTR Program the equations given in this report were rc- 
plac~d by CSC program  BASIC^ which contai.ns esscntially identical equati~ns 
and is used for a:!  FSAA simulations. The 1:tnd ng gear 3leo forces were alr 
generated using the ~ASIC program. 
I Use or dtxbsurc d alr on this p s ( ~  .\ s u b m l  lo the mlr:clmr: on thr t~llr wc I 
The rigorousness of the mathematical model of the tilt-rotor research air- 
craft was constrained by two factors. One was the requirement to keep the 
fast loop computational time (this was a two loop simulation) to less than 
50 .milliseconds in order to maintain real time simulation. To achicve this 
it was necessary to limit the rotor representation to steady, linearized, 
aerodynamics with uniform inflow and to approximate the rotor following tine. 
Rotor stall and compressibility effects are only used to define a limit f ~ r  
the maximum rotor thrust coefficient as a function of advance ratio. This 
rot lr math model is satisfactory for most handling qualities studies, but 
w~ be inadequate to evaluate flight conditions or maneuvers where stall, 
co.-pressibility or rotor dynamics are significant. 
b second Iactor cons training the rigorousness of the mathema t ica 1 mode 1 was 
t k  lack of sufficient experimental data on the rotor wake-airframe aero- 
d-,v.araic interactions such as the rotors' downwash (or upwash) at the hori- 
zontal tail. The model of the rotor wake-airframe interaction is presently 
based on a limited amount of data from the tests of a powered model of a 
ti1 t-rotor aircraft similar to the Model 3014. Tests of a powered model 
of  the Model 301 to obtain detailed information on the rotor wake-airFramz 
ce odynamic interaction have been completed and will be used to refine the 
rnol.el of this important characteristic of the tilt rotor VTOL. 
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11. DESCRIPTION OF THE MATHEMATICAL MODEL 
This section describes the mathematical models of the components of the tilt 
rotor aircraft; the rotors, the airframe, the control system, the engines and 
drive system, and the automatic flight control systenk (Subsystems 1, 2, 3, 
4, 5, b ,  7, 8, 9, 17, 18, 19 and 20 in Figure 1-1). The math model used 
for the equations of motion (Subsystems 10 through 16) follows that of Refer- 
ence 5. The coordinate systems, sign conventions and equations of motion 
are also described. 
A. Coordinate Systems and Sign Conventions 
Earth, body, wind and mast axes systems are used in the mathematical 
model. The rotor flapping, forces and moments are calculated in a 
"wind-mast" axis system while the airframe aerodynamic forces and 
moments are calculated in a wind axis system. Forces and moments 
from the rotor and airframe are resolved into the body axis system for 
solution of the aircraft equations of motion. The flight path of the 
aircraft i ;  described with reference to earth fixed axes with the 
aircraft orientation given by the Euler angles, Y, 8, and $I, in that 
order of rotation. 
The mast axis system and sign convention used for the rotor : y e  shown in 
Figure 11-1. The rotor flapping, - - forces and moEents are ca:,:ulated in 
the "wind-mast" axis system (a l ,  bl, T, H, and Y) and are then trans- 
forned into the mast axis system (a b T H anci Y). 1' 1 1 
B. Rotor Math Model (Subsystem 1) 
1. Rotor Forces and Moments 
The mathematical model of the rotor is similar to that given in 
References 6 and 7 except that it is derived in a mast axis system 
(the theory in Reference 6 is based on an axis system perpendicular 
to the axis of no flapping i.e. the tip-path-plane, and that of 
Xeference 7 is based on the axis of no feathering) and contains pro- 
visions for proprotor characteristics such as non-linear twist, 
flapping restraint and pitch-flap coupling. 
The major assumptions that are made in the rotor math model are: 
(1) Average values for the lift curve slope and profile drag 
coefficient arc used over the span of the blade. These are 
adjusted to approximate the rotor thrust 2nd power required 
characteristics. 
(2) The blade angle of attack cr is approximated by Sina . Subsi- 
tution of sina for cr in the blade element equation: makes it 
possible to de5elop e5uations for rotor forces without rcstric- 
ting blade pitch, 8, and inflow angle, $3, to small angles. 
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( 3 )  Blade s t a l l  and compressibi l i ty  e f f e c t s  a re  approximated by 
l imi t ing  the maximum ro to r  t h r u s t  c o e f f i c i e n t  as  a funct ion of ad- 
vance r a t i o  and by a r b i t r a r i l y  modifying coecf ic ien ts  i n  the ro tor  
power required equation ( r o t o r  p r o f i l e  drag is increased a s  a 
function of the cubes of the r o t o r  inrlow and advance r a t i o s  
mul t ip l ied  by empir ical ly  adjusted coez f i c i en t s ) .  
(4)  Blade f lapping with respect  Lo tbe mast is assumed small so  tha t  
the small angle assumption can be made. And harmonics of f lap-  
ping g rea t e r  than one-per-rev a r e  ignored. 
(5)  The blade flapping due t o  cyc l i c  inputs  is assumed t o  occur 
instantaneously,  i .e . the flapping equations assume the ro to r  
is  i n  an equi l ibr ium condition. This assumption was mide be- 
cause of l i m i t s  imposed by the computer computation time. Di f fe r -  
e n t i a l  equations f o r  blade Elapping t h a t  would properly account 
f o r  the ro to r  following time were determined to  requi re  a solu- 
t i o n  time i n  excess of t h a t  ailowable Tor r e a l  time simulation. 
Furthermore there  i s  a t ranspor t  l ag  between the time a con t ro l  
input i s  made a t  the cab and the time a i r c r a f t  response is  up- 
dated a t  the cab, of from one t o  twc frame times (0.050 t o  0.10 
seconds). By neglect ing the ro tor  following time i n  the equation 
of motion, i t  is approximated by the cab-control input t o  computer 
time l ag  ( f o r  example, i n  hover the ro tor  2ollowing time i s  0.08 
seconds compared t o  an average computation lag  time 01 0.075 
seconds). 
2. Rotor Induced Velocity 
The r o t o r  induced ve l o c i  t y  i s  computed by ca lcu laving the induced 
ve loc i ty  of an i so l a t ed ,  out of ground e f f e c t  ro to r  and modifying 
the induced ve loc i ty  t o  account fo r  the side-by-side ro to r  e f f e c t  
and for  operation in  ground e f f e c t .  
The mean value of the i so l a t ed ,  out-of-ground e f f e c t  r z t x  induced 
ve loc i ty  i s  approximated using a modified expression from kcference 8. 
where C = CT/2B 2 
2 ( the  0.866 f ac to r  on A has been added t o  improve power co r r e l a t ion  
i n  hover ) 
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The side-by-side ro to r  e f f e c t  on the ro to r  induced ve loc i ty  i s  
approximated us i rg  an expression derived i n  Reference 9.  
The f ac to r  xss i s  ca l l ed  the mutual induction coe f f i c i en t  and i s  ob- 
tained from Figure 3.7 of Reference 9. The term Avi i s  added t o  the 
induced ve loc i ty  f o r  the i so l a t ed  r o t o r .  
In the determination of XSS, the increased mass flow of the side-by- 
s ide  configurat ion i s  taken i n t o  account and the ro to r  wakes a re  
assumed t o  remain separate  if the dis tance between the ro to r  centers  
is g rea t e r  than the ro to r  diameter. The value of xss depends on the 
d i r ec t ion  of ro t a t ion ,  the dis tance between the ro to r s ,  the advance 
r a t i o  and the ro to r  angle of a t tack .  The value of x s ~  given in  
Reference 9 i s  v a l i d  f o r  P grea t e r  than 0.15. In t h i ,  analysis  the 
value of xsS f o r  P l e s s  than 0.15 has been approximated by providing 
a smooth t r ans i t i on  between a value of xss equal t o  zero a t  P = . 96  
and the value a t  P = 0.15. 
The reduction i n  induu-.ed ve loc i ty  caused by ground proximity i s  
computed using the expression 
i = v IGE i OGE 
[ I  + - ("u2 
- 
where G = 0.76 + 0.24 h/r) f o r  h 5 D  
and G = 1.0 i f  h > D  
The constants  0.76 and 0.24 f o r  G were derived from 
model t e s t  da ta .  The f ac to r  washes out the e f f e c t  of 
ground proximity with forward speed; a t  30 f e e t  per second and g rea t e r  
the e f f e c t  i s  completely washed out .  
The major assumption made with regard t o  induced ve loc i ty  i s  tha t  i t  
i s  uniform over the ro tor  d i sc .  The main e f f e c t  of t h i s  assumption 
i s  t ha t  l a t e r a l  flapping i s  underpredicted i n  the low speed he l icopter  
regime (P = 0.05 to  0.2). However, l a t e r a l  f lapping has only a second 
order ef f c c t  on s t a b i l i t y  and con t ro l  cha rac t e r i s  t i c s  i n  the he l icopter  
mode so  t h i s  i s  n o t  a ser ious l imi t a t ion ,  Present ly the tandem ro to r  
e f f e c t  i s  neglected when i n  sideward f l i g h t .  This e f f e c t  was not  in -  
cluded i n  the i n i t i a l  development of the mathematical model s ince  other  
f ac to r s  s i g n i f i c a n t  t o  sideward f l i g h t  simulation a re  only approximated. 
C .  Airframe Aerodynamics (Subsystem Nos. 3, 4, 5 and 6 )  
The fuselade,  wing-pylon assembly, hor izonta l  t a i l  and v e r t i c a l  f i n s  a re  
mode lcd separa te ly  t o  f a c i l i t a t e  accounting for  the inf luecce of the ro tor  
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wake on the airframe aerodynamics. In general  the airframe aerodynamics 
a r e  ex t rac ted  from wind tunnel t e s t  da t a ;  where wind tunne 1 da ta  was no t  
ava i lab le  c h a r a c t e r i s t i c s  were estimated using References LO, 11, and 12. 
1. Fuselage (Subsystem No. 3) 
Equations for  the fuselage l i f t ,  drag, s ide  force ,  p i tch ing  moment, 
yawing moment and r o l l i n g  moment a r e  referenced t o  the wind ax is  
system and defined a t  the fuselage aerodynamics center .  The coef f i -  
c i e n t s  i n  the equations f o r  angles of a t t ack  and s i d e s l i p  l e s s  than 
or equal t o  20 degrees a r e  based on wind tunnel da t a .  For angles nf 
a t t ack  g rea t e r  than 20 degrees the c o e f f i c i e n t s  have been approximated. 
A i rc ra f t  angular r a t e s  and the r o t o r s  wakes a re  neglected i n  ca l -  
cu l a t inz  the fuselage aerodynamic lo rces  and moments. 
2 .  Wing-Pylon Assembly (Subsys tem No. 4) 
The wing-pylon aerodynamic forces  and moments a r e  defined i n  the 
loca l  wind ax i s  system. Wing-body in te r fe rence  e f f e c t s  a r e  included 
i n  the aerodynamic da ta .  
Ca ru la t ion  of the wing aerodynamic forces  and moments i s  made i n  two 
pa r t s ;  ( 1 )  l i f t  and drag generated by the ro to r s  wakes, and ( 2 )  the 
forces  and moments generated by the f r e e  stream flow. The math model 
of item (1 )  i s  discussed i n  Section 11.3. Item (2 )  i s  discussed in  
the paragraph be low. 
The wing-pylon l i f t  and drag generated by the freestream flow are  
functions of angle of a t t a c k ,  conversion angle,  f l a p  s e t t i n g  and Mach 
number. The pi tching moment is  A function of f l a p  s e t t i n g .  Wing- 
pylon l i f t  and drag coe f f i c i en t s  a r e  provided f o r  niast angles of 
0  degrees and 90 degrees, and f o r  four f l a p  s e t t i n g s  a s  shown i n  
Figures 11-3 and 11-4. Coefficient.? i o r  intermediate mast angles and 
f l a p  s e t t i n g s  a r e  obtained by intc- ipolat iou.  Mach number cor rec t ions  
a r e  made only fo r  the flaps-up a i rp lane  mode condition a s  shown in  
Figures 11-5 and 11-6. The aerodynamic coe f f i c i en t s  fo r  angles of 
a t t ack  up t o  s t a l l  a r e  based on wind tunnel da ta ;  a t  angles of a t t a c k  
a b o v ~  s t a l l  the coe f f i c i en t s  shown i n  F igu res f i I -7  and 11-8 a re  approxi- 
mated based on the t e s t  data  shown i n  Reference 11. 
The angle oC a t t ack  of the wing i s  modified t o  r e f l e c t  the induction 
e f f e c t  of the thrus t ing  ro tors .  The exp:ession fo r  the wing angle of 
a t t ack  i s ,  
cr - 0 . 2 6 ~  * 2 * 57.3 W E  R'W M.4X (p, 0.15) 
Where xRiW, the induction coezf ic ien t  i s  a  function o l  the dis tance 
between the ro tor  and the wing, and CRF i s  the non dimensionalized 
ro tor  'orce coe f f i c i en t .  
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The l a t e r a l - d i r e c  t i o n a l  aerodynamic f o r c e s  and moments a r e  c a l c u l a t e d  
us ing equa t ions  f o r  s t a b i l i t y  d e r i v a t i v e s  from Reference 10. Com- 
p r e s s i b i l i t y  e f f e c t s  and the wing loading a r e  included i n  the l a t e r a l -  
d i r e c t i o n a l  c h a r a c t e r i s t i c s .  The d i h e d r a l  e f f e c t  of the wing-pylon 
i s  based on wind tunnel  t e s t  d a t a  and i s  a  funct ion of angle of a t t a c k  
and f l a p  s e t t i n g .  The a i l e r o n  e f f e c t i v e n e s s  i s  a l s o  based on wind 
tunnel  d a t a  and i s  a  func t ion  of angle  of a t t a c k ,  mast angle and 
f l aperon  d e f l e c t i o n .  
3 .  Horizonta l  T a i l  (Subsystem No. 5 )  
The dynamic p ressure  and angle  of a t t a c k  a t  the  h o r i z o n t a l  s t a b i l i z e r  
a s  shown i n  Figure I1-9(a) takes  i n t o  acccunt wing-body blockage,  mast 
ang le ,  the wing-pylon wake, the  r o t o r  wake and the  a i r c r a f t  a t t i t u d e  
and angular  v e l o c i t y .  The l i f t  and drag c o e f f i c i e n t s  shown i n  
Figures  IT-10 and 11-11 of the s t a b i l i z e r  a r e  determined from wind- 
tunnel  t e s t  d a t a  f o r  ang les  of a t t a c k  up t o  s t a l l .  Above s t a l l  the 
c o e f f i c i e n t s  a r e  approximated us ing d a t a  from Reference 11. 
The downwash a t  the  h o r i z o n t a l  s t a b i l i z e r  due t o  the wing-pylon shown 
i n  Figure 11-12 i s  d e t e r m i n ~ d  from wind tunnel  d a t a  f o r  ang les  of 
a t t a c k  up t o  s t a l l .  -4bove wing s t a l l  the downwash i s  approximated 
using d a t a  f o r  a  h i g h  w i q - l o w  t a i l  conf igura t ion  given i n  Reference 
12. 
The d m w a s h  a t  the h o r i z o n t a l  s t a b i l i z e r  due t o  the r o t o r  we!.? i s  
d iscussed i n  Sect ion 11.3. 
4 .  V e r t i c a l  F ins  (Subsystem No. 6 )  
The f o r c e s  and moments on the  l e f t  and r i g h t  f i n s  a r e  computed sepa- 
r a t e l y  t o  account f o r  the  v a r i a t i o n  i n  r o t o r  wake e f f e c t s  w i t 3  s i d e -  
s l i p .  The dynamic p ressure  and angle  of a t t a c k  a t  the  f i n s  a s  shown 
i n  Figure 11-9(b) take i n t o  ~ c c o u n t  the wing-body blockage,  mast ang le ,  
wing-pylon wake, r o t o r  wake and fuse lage  a t t i t u d e  and angular  r a t e s .  
The l i f t  and drag c o e f f i c i e n t s  of the  f i n s  shown i n  Figures  11-13 
and 11-14 a r e  de:ermined from wind tunnel  d a t a  f o r  ang les  of a t t a c k  
lap t o  st.rll i  Above t a l l  t k  coefficients sre a p r o x i m a t e d  us ing 
d a t a  from Reference 11. 
The s idevash  a t  the  f i n s  is  a  f u n c t i o ~ r  of f l a p  s e t t i n g ,  mast ang le ,  
fuselage angle  of a t t a c k  and s i d e s l i p  ang le .  
D .  Rotor Wake - Airframe Aerodynamic I n t e r a c t i o n  (Subsystem K O .  2 and part s  
of 4, 5 and 6 )  
The r o t o r  wake-airframe aerodyriamic i n t e r f e r e n c e  r e p r e s e n t a t i o n  c o n s i s t s  
of th ree  p a r t s :  
( 1 )  The e f f e c t  of the  r o t o r  wakes on the  wing l i f t  and drag.  
( 2 )  The e f f e c t  of the r o t o r  wakes on the  h o r i z o n t a l  s t a b i l i z e r  and 
v e r t i c a l  f i n s  l i f t  and drag.  
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( 3 )  The n z t  r o l l i n g  moment induced by the  r o t o r  wake-airframe-ground 
i n t e r a c t i o n  when hovering near  the  ground. 
1. Rotor Wake E f f e c t  on the  Wing 
A s  noted i n  Sect ion II.C.2.2 the c a l c u l a t i o n  of the wing aerodynamic 
fo rces  and moments due t o  r o t o r  wake e f f e c t s  i s  wide s e p a r a t e l y  from 
the fo rces  and moments gencrcted by the f rees t ream flow. The c a l c u l a -  
t i o n  of the  r o t o r  wake e f fec t .  involves  c a l c u l a t i n g  the a r e a  and angle 
of a t t a c k  and dynamic p ressdre  of the p o r t i o n  of the wing immersed i n  
the  wake ; Figure 11-15 i l l u s r r a t e s  the  r e p r e s e n t a t i o n  of t h i s  e f f e c t .  
The a r e a  of the wing i m e r s e d  i n  the  r o t o r  wake, SiW (shown i n  Figure 
11-15) is computed a s  a func t ion  of wake r a d i u s ,  conversion ang le ,  
wake angle of a t t a c k  and s i d e s l i p  sng le  of the  f u s e l a g e .  The expres-  
s i o n  used t o  compute wake radJus  of a hovering r o t o r  a s  a func t ion  of 
v e r t i c a l  d i s t a n c e  from the  r o t o r  d i s c  i-; ger ived i n  Reference 13. 
Experimental d a t a  a l s o  shows t h s t  thtl c o n t r ~ c t e d  wake remains s t a b l e  
a s  i t  reaches  the  wing and h o r i z o n t a l  s t a b i l i z e r  s u r f a c e s .  The 
equat ion f o r  the wa2.e r a d i u s  (Equatior! 3 of Reference 13)  has been 
s i m p l i f i e d  s i n c e  the  wing and s t a b i l i z e r  s u r f a c e s  a r e  located a t  
approximately .4R below the r o t o r  d i s c .  
The r o t o r  induced v e l o c i t y  a t  the wing v a r i e s  w i t h  speed end mast t i l t  
and i s  given by the fol lowing express ion:  
where the cons tan t s  Ki a r e  determined from powered r o t o r  t e s t  d a t a .  
Wing loads a t  high nega t ive  incidences  caused by the r o t o r  w:ke a t  low 
speeds a r e  determined us ing l i f t  and drag c o e f f i c i e n t  d a t a  t a b l e s  t h a t  
a r e  def ined up t o  ang les  of a t t a c k  of $90 d e ~ r e e s .  
Asymmetric f l i g h t  a t  low speeds ,  which causes  unequal p o r t i o n  of the  
l e f t  and r i g h t  wing t o  be a f f e c t e d  by the  l e f t  and r i g h t  r o t o r  wakes 
and genera-es r o l l  and yaw noments, i s  taken i n t o  account.  
2 .  Rotor Wake E f f e c t  a t  Horizonta l  S t a b i l i z e r  and V e r t i c a l  Fins 
The r o t o r  induced v e l o c i t l  a t  the h o r i z o n t a l  s t a b i l i z e r  and v e r t i c a l  
f i n s  is  based on d a t a  from wind tunnel  t e s t s  of a powered model. The 
v e l o c i t y  induced a t  the  t a i l  by the  r o t o r s  was der ived by a n a l y s i s  of 
a i r c r a f t  p i t c h i n g  moment d a t a  w i t h  the  t a i l  on and o f f ,  and w i t h  and 
wi thout  the r o t o r s .  Figure 11-16 shows the  induced v e l o c i t y  a t  the  
t a i  1 (normal t o  the h o r i z o n t a l  s t a b i l i z e r  c h o r d l i n e )  a s  a func t ion  of 
a i r speed  and mast ang le .  
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The fol lowing express ion i s  used t o  approximate the v e l o c i t y  v a r i a -  
t i o n  shown i n  Figure 11-16. 
The c o e f f i c i e n t s  h  through h  were determined by curve f i t  of the  
t e s t  da ta .  W i ~  i s o t h e  induce% v e l o c i t y  a t  the  l e i t  r o t o r .  
The induced v e l o c i t y  a t  the empml:ge i s  p r e s e n t l y  based on the  
va lue  f o r  trimmed i e v e l  f l i g h t ,  and is  i n v a r i e n t  wi th  angle  of 
a t t a c k  and s i d e s l i p .  Data from t e s t s  of a  powered a e r o e l a s t i c  
model i n d i c a t e s  a  s i g n i f i c a n t  v a r i a t i o n  i n  induced v e l o c i t y  wi th  
sngle  of a t t a c k  and/or s i d e s l i p .  r h i s  new da ta  w i l l  be used t o  
r e f i n e  t h e  p r e s e n t  r e p r e s e n t a t i o n  of the  r o t o r  wake e f f e c t  on the 
empennage. 
3. - Rol l ing  Moment Induced by Rotor - Wake-Airframc ;round I n t e r a c t i o n  
When hovering i n  ground e f f e c t  (h/D < 1 .5)  an uns tab le  r o l l  moment is  
generaced by aerodynamjc i n t e r a c t i o n  between the  r o t  o: k;al.t., the  
wing and t h e  ground. Figure 11-17 shows the  r o l l i n g  moment a s  a  
func t ion  of h / ~  measured wi th  1/5th  s c a l e  powered model of the  Model 
301. This  e f f e c t  i s  represented i n  t h e  . . ~ t h  model by a polynomial 
equat ion f o r  t h e  r o l i i n g  moment, curve f i t t e d  t o  t h e  t e s t  d z t a ,  and 
app l ied  a t  t h e  a i r c r a f t  c e n t e r  of g r a v i t y .  
E. F l i g h t  Controls  (Subsystem No. 8 )  
he F l igh t  c o n t r . 1 ~  r e p r e s e n t a t i o n  c o n s i s t s  of a  c o n t r o l s  mixing model, 
and a  f o r c e  g r a d i e n t  model. 
The Model 301 f l i g h t  c o n t r o l  s y s t e n  i s  i l l u s t r a t e d  schemat ical ly  i n  Figure 
11-18, Phe math model of t h e  system r e p r e s e n t s  the  mixing of the  p i l o t  
and automatic f l i g h t  c o n t r o l  i n p u t s ,  wash out of t h e  r o t o r  c o n t r o l s  a s  a  
func t ion  of mast ang le  and a i r speed  and convers ion,  landing g e a r ,  and 
f l a p  c o n t r o l s .  Wash out  schedules a r e  i l l u s t r a t e d  i r i  Figure 11-19 and a r e  
given ia t a b u l a r  form i n  the  math inodel. The math model does no t  in::ude 
f r i c t i o n  o r  f r e e  play.  The time c o n s t a n t s  of the  c o n t r o l  a c t u a t o r s  a r e  
assumed z e r o ,  s i n c e  i n  p r a c t i c e  they a r e  l e s s  than the  computer frame 
time. 
The pedal and c y c l i c  s t i c k  l o n g i t d d i n a l  and l a t e r a l  g r a d i e n t s  a r e  s y , c i -  
f i e d  a s  a f u n c t i o n  of a i rspeed.  The l o c a t i o n  of the  g r a d i e n t  d ~ t e n t  
( z e r o  f c r c e  position) may be moved by the  pilot-  t o  trim out s teady s t i c k  
fo rces .  
F. Drive System and Engines (Subsystems 18 and 19) 
The d r i v e  system i s  represented by the  ze ro  frequency symmetric mode, e.g. 
the  r o t o r s  speed up o r  slow down i n  response t o  the  unbclznce between 
aerodynamic torque an l engine t o r q w  . The irequenc i v s  of thc f l ex ib  lc- 
modes of the d r i m  system (3.67 cps and 11.6 cps for  the f i r s t  an t i s )n -  
metric an6 second synmetric modes rcspec t i v e l y )  arc  too high to s igni f  i - 
cant  ly ir f hence  t\e s inu la t ion .  
The engine and power turbine ( M I I )  governor node 1s a r t  conposcd of tqui l -  
t ions ro ca l cu la t e  engine horsepower during trar.sient and stcauy statc- 
operatlon. The equations a r e  based on the operat ing c h a r a c t e r i s t i c s  of 
the co rkked  engine-fuel cont ro i  sys tern. This approach was taken r a the r  
than one involving time constants ,  i n e r t i a s  and der iva t ion  of enginc con- 
ponents t o  minimize the computational requircnen t s  . 
The engine equations a r e  derived i n  terliis of the optErnum power turbinc- 
s p e ~ d  and the horsepower drvelcped a t  t h a t  speed. For a given th roc t l e  
s e t t i n g  (o r  fue l  f !ow r a t e )  the enkine w i  l ?  drvelop the mixinun horsepower 
i f  the turbine is operating a t  t h e  optinurn spccd. The comanded opticun 
gmuer, re fer red  t o  s ea  Levei, s tandartl, s t a t i c  condi t ions i s  given by 
+ Kg XTH + KIG ( f o r  T 5 K7)  
a 
( f o r  T > K ~ ?  
a 
where Q through Kl; a r e  constants  derived t o  f i t  the engine power versus 
t h r o t t l e  (XTH) ~ e t t i n g  c h a r a c t e r i s t i c s  given in  the engine i n s t a l l a t i o n  
nanua 114. 
The referenced optimum power HPRO a t  any t i ne  t ,  a f t e r  a power lever 
change i s  given by tk-  equation 
where W R o 0 i s  the power before the change i n  the power lever  posi t ion and 
d H P ~ O ~  is the engine pober x c s l e r a t i o n  schedule aad i s  given a s  
-
d t  
where f (YeRO, h)  i s  the engine poxer accelerat ion schedule, derived to 
co r r e l a t e  ~i th  measured engine acce lerat ior!  charact,- -is t i c s .  
The a c t u a l  h o r s e p o ~ e r  HP is  then computed by cor rec  t i n &  thc r t  fc-rred o p t i -  
mum horsepouer,  HPRO, f o r  m n s t a n d a r d  cond:'tior.i  c s i n g  t h t  fo l lowing 
equa t i o i ~  
where K l ,  K2, and K3 a r e  c o n s t a n t s  used t o  curve  f i t  the  power t o  thc 
engine  c h a r a c t e r i s t i c s  g iven i n  the i n s t a l l a t i o n  nanua l ,  RR is tlx a c t u a l  
power tu rb ine  speed and hO is  the  r e f e r r e d  op t inun  p o w r  t u r b i n e  speed,  
and 6 and 0 a r e  terms used t o  c o r r e c t  f o r  nonstandard p r e s s u r e  and 
temperdture,  r e s p e c t i v e l y .  
The equa t ions  used f o r  the  power tu rb ine  governon ( S L I )  a r e  s i rn i l a r  t o  
those  f o r  the  engine  excep t  t h a t  the optinurn power i s  r e f e r r e d  t o  t h t  S I I  
speed conmanded by the p i  l o t  r a t h e r  than the t h r o t t l e  se t t i n ~ .  I t  s t ~ o u l d  
be noted t h a t  i n  the  Model 301 the N I L  g w e r n i n g  speed i s  s r t  a t  t h a t  
corresponding t o  the r o t o r  l i m i t  speed s o  t h a t  the S ~ I  gocernor is on ly  
used t o  h e l p  p reven t  overspeeding.  
G .  Automatic F l i g h t  Concrol  Sys ten  (Subsystem So.  17 and 20) 
The Model 301's r o t o r  rpn  governor and S t a b i l i t )  and Control  hugpenta t ion 
System (SCAS) a r e  r epresen ted  i n  the p a t h  code 1. 
1. Razor RE% Governor (Subsystem So. 17) 
The r o t o r  RPM governor r e p r e s e n t a t i o n  c o n s i s t s  o: 3 s i n g l e  channel  
model of t h e  feedback network. I n  t h e  Model 3Cl the  r o t o r  b lade  c o l l c c -  
t i v e  p i t c h  is changed s o  a s  t o  maiqta in  c o c s t a n t  rpm; the  b lade  p i t c h  
;s p r o p o r t i o n a l  t o  t h e  i n t e g r a l  of the  e r r o r  i n  rpm (e.g. t h c  d i f f e r -  
ence between the  a c t u a l  and t5e  p i l o t  s e l e c t e d  rpn)  s o  t h a t  any s t eady  
e r r o r  i s  complete ly  washed out .  The ga in  of the  i n t e g r a l  feedback is  
very  Lou s o  the  governor w i l l  no t  d e s t a b i l i z e  s t r u c t u r a l  modes. 
.\ p o s i t i m  g a i n  is  used i n  p a r a l l e l  w i t h  the i n t e g r a l  ga in  t o  provide 
damping t o  the r o t o r  r o t a t i o n a l  mode under c o n d i t i o n s  of  lor; inf low,  
such a s  i n  low power descen t s  i n  h e l i c o p t e r  mode. The p o s i t i o n  ga in  
i s  phased o u t  a s  the pylons a r e  converted t o  a i r p l a n e  mode to prevent  
d e s t a b i l i z i n g  s t r u c t u r a l  modes. 
Control  of the RPM governor c o n s i s t s  of a  thum3 opera ted ,  three  pos i -  
t i o n  switch s p r i n g  loaded- to -cen te r ,  loca t e i  cn the power l e v ~ r  head. 
Pushing the swi tch  forward,  i n c r e a s e s  the  rcfere i lce  rpm by 20 rprn f o r  
each s e c m d  the  swi tch  i s  depressed;  p u l l i n g  a f t  dec reases  the r e f e r -  
ence rprn by 20 rpm per second. P. p o i n t e r  on the r o t o r  tachometer 
i n d i c a t e s  the s e l e c t e d  rpm. This sys  tern was modeled i n  the FSAA cab.  
At p r e s e n t ,  t h i s  modeling does not  include capaOiliLy t o  cva lua tc  
F a i l u r e  mode;. 
2. SCAS (Subsystem No. 20) 
The SCXS math model consists of a single channel representation of 
the electronic network; SCAS actuator charac2eristics are not 
 odel led, howcver, total system authorities are used. A typical 
channel is shown in Figure 11-20, Each channel has three iunctional 
circuits; rate feedback to augment the aircraft danping, attitude 
feedback for attitude retention, and pilot input feed forward to 
improve the apparent response to pilot control inputs. The pitch 
channel has, in addition, an airspeed feedback loop (this loop wiis 
implemented but rat used). 
The main <eature of the SCAS math mdel is representation cf thr 
systems gains. All gains are functions of both airspeed and pylon 
angle. This feature was incorporated to facilitate optimizing ~ h c  
SCAS duri?g the design phase. 
The attitudes and airspeed hold circuits are svitched off or on by 
the position of the pedals and cyclic stick. k%en the longitudinal 
cyclic stick is trim.ed ( rz .q. ,  in the force detent) the pitch channel 
holds are switched on; whet1 untrimmed the pitch channel holds arc 
switched off. When the lateral cyclic stick and the pedals are 
trinaned the roll and yaw attitudes holds are cwi tched on; when 
either the pedal or the lateral cyclic is out of tric the roll and 
yaw holds are switched off. 
H. Equations of Motion and Coordinate Transfornations (Subsystem 9, LO, 11, 12) 
The equations of xotion used to solve for the six degrees of freedom 
flight path are identical to the ones given in Reference 5 .  Change in 
aircraft c.g. location and ixtertia due to plon tilt are ccmputed. Equa- 
tions derived to congute pilot ststion acceleration take into account the 
c.g. accelerbcion due to pylon tilt rate and the c.g. oEiset location. 
However, the effects of mast tilt acceleration and rate on the body 
pitch acceleration and rate are assumed to be small and therefore neglected. 
The pylon degrees of freedom are neglected as the Model 301 wing-pylon 
natural frequencies are well above the frequency capability of the 
simulation software and hardware. 
Transformation of forces and moments from wind to body axes and frinn 
mast to body axes is required for a number of subsystem. These trans- 
formations are given in Subsystem 10. The transformtion for the 
rotor equations are given in Subsystem No. 1. Rotor forces and 
moments are computed in che wind axis and referenced to the mast. 
This is noted throughoiit this report as the "wind-mast" axis system 
as described in Figure 11-1. The forces and moments computed in 
this axis system are then transformed to the m s t  axis system. 
Transformation of rotor forces and moments to the body axis system 
are given in Section lob. 
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: B 111. VALIDATION OF THE MATHEMATICAL MODEL The accuracy of the mathematical model has  been i n v e s t i g s t e d  wi th  regard t o  
r o t o r  performance and f o r c e  c h a r a c t e r i s t i c s ,  a i r f r a n e  aerodyl;amics, r o t o r  
i 1 wake - air f rame aerodynamic i n t e r a c t i o n ,  s t a t i c  and dynamlc s t a b i l i t y  char-  
'! a c t e r i s t i c s  and c o n t r o l  power and damping. Test  d a t a  were used f o r  com- 
par i son  where a v i l a b l e ;  when t e s t  d a t a  were n o t  ava i  lab l c  the mathematical 
model was compared wi th  BHC computer program C81, the program used t.o p r e d i c t  
the  Mode 1 301's s t a b i l i t y ,  c o n t r o l ,  and hand l i n g  q u a l i t i e s  presented i n  
Reference 1. 
A .  Rotor Performance and Force C h a r a c t e r i s t i c s  
Rotor f o r c e s  and power requ i red  ace compared w i t h  d a t a  from wind tunnel  
and w h i r l  t e s t s  of the Model 301's 25-foot diameter r o t o r  (References 15 
and 16) i n  Figures  111-1 through 111-5. In  genera l  the c o r r e l a t i o n  
r e f l e c t s  thd neg lec*  of s t a l l  and c o m p r e s s i b i l i t y  i n  the mathematical 
model. For a  given l i f t ,  power requ i red  i s  ( . a l cu la ted  s l i g h t l y  low and 
propuls ive  fo rce  : ;ht l y  high.  C o l l e c t i v e  p i t c h  and l o n g i t u d i n a l  c y c l i c  
a r e  c a l c u l a t e d  accura te  ly  . 
Figure 111-6 compares the r o t o r  damping c h a r a c t e r i s t i c s  wi th  those c a l -  
c u l a t e d  w i t h  program C8l. Agreement between the two analyses  i s  good. 
B .  Airframe Force and Moment C h a r a c t e r i s t i c s  
A s  noted i n  Sect ion LI .3 the mathematical  model of the a i r f rame f o r c e  and 
moment c h a r a c t e r i s t i c s  i n  the  angle  of a t t a c k  and s i d e s l i p  range beluw 
, t a l l  a r e  based on wind tunnel  d a t a .  In the  mathematical model, the wind 
tunnel- d a t a  has been broken ' *  . i n t o  the c o n t r i b u t i o n s  of majvr com- 
ponen ts; the  fuse  l sge  , the wLLl,-pylon assembly, the h o r i z o n t a l  s t a b i  1 i z e r s  
and the  f i n s .  Above s t a l l  the f o r c e  and mommt c h a r a c t e r i s t i c s  have bcen 
appr~xima'ed , 
I n  o rder  t o  v e r i f y  t h a t  the fo rce  and moment d a t a  add up t o  e q u ~ l  t h a t  of 
the  complete a i r f rame  a  computer "wind tunnel" t e s t  of the  a i r f rame  math 
mode 1 (wi th  the r o t o r s  removi?) was conducted . The mathematical mode 1 
force  and moment c h a r a c t e r i s t i c s  a r e  compared t? the  wind tunnel  d a t a  i n  
Figures  111 -7  through 111-11. Data from two t e s t s  a r e  shown: LTV Low 
Speed Wind Tunnel Tes t  No. 403 performed a t  a  Reynolds number of 1.2 by 
lo6  and NASA Langley Transonic 3ynamics Tes t  No. 195 performed a t  a  
Reynolds number of 3.8 by lo6. Vortex genera to rs  were i n s t a l l e d  OP the  
wing dur ing the  LTV t e s t  t o  s imulate  wing s t a l l  c h a r a c t e r i s t i c s  a t  the 
f u l l - s c a l e  Reynolds numbers. 
The reasons f o r  s i g n i f i c a n t  d i f f e r e n c e  between the mathematical model and 
the  t e s t  d a t a  a r e  a s  fol lows:  
- L i f t  C o e f f i c i e n t  (F igures  111-7 and 111-8). C o r r e l a t i o n  i s  good 
f o r  angles  of a t t a c k  up t o  s t a l l  bu t  above s t a l l  the mathematical  
I Use or d ~ s c l o w r e  o! tldtd dr! In15 pd,r I> ~ u b ~ e c t  to !he r r r t r ~ t t ~ o n  o I t w  f~llr  MI^ I 
model l i f t  coe f f i c i en t  is high. This e r r o r  i s  caused by the 
assumed l i f t  c h a r a c t e r i s t i c  above s t a l l  (Reference 11) and w i  11 
be corrected f o r  the Phase LL simulat ions.  
- Pitching Moment Coeff ic ien t  (Figures 111-11 and 111-12). The 
pitching moment c h a r a c t e r i s t i c  of the fu l l - s ca l e  a i r c r a f t  i s  
estimated t o  be c lose  t o  the TDT t e s t  da t a ,  hence the mathemat- 
i c a l  model has been adjusted t o  obtain the slope of the TDT d a t s .  
The d iscont inui ty  i n  the mathetui ical  mode 1 pi tching moment 
coe f f i c i en t  a t  pos i t ive  and negative s t a l l  angles i s  caused by 
the assumed cha rac t e r i s  t i c s  of the wing downwash and the fuse lage 
pitching moment above s t a l l .  The d i f fe rence  i n  pi tching moment 
a t  zero angle of a t t ack  a s  shown in  Figure 111-11 r e s u l t s  crom an 
assumption made i n  the niathematical model - t h a t  the wing-pylon 
zero pi tching moment is independent of pylon t i l t  angle.  This 
w i l l  be modified f o r  Phase 11 simulat ions.  
- Rolling M<>ment Coeff icient  (Figures 111-15 and 111-15). The 
mathematical mode 1 defines wing-pylon d ihedra l  e f f e c t s  accura te ly  
~p to  A10 degrees s i d e s l i p  angle.  Beyond t h i s  range, the d ihedra l  
s t a b i l i t y  of wing-pylon i s  maintained cons tan t . (The t e s t  data  
do no t  show zero r o l l i n g  moment a t  zero yaw because of model 
asymne t r y .  ) 
Figure 111-19 compares the mathematical model a i l e ron  cont ro l  power var- 
i a t i o n  with angle of a t t ack  with t e s t  da ta .  The decrease i n  r o l l  con t ro l  
power a t  high anglzs of a t t ack  i s  accurately represented. 
C. Rotor Wake - Airframe Aerodynamic In te rac t ion  
The ro to r  wake induced ve loc i ty  a t  the hor izonta l  t a i l  and the  unstable  
r o l l i n g  moment in-ground e f f e c t  a r e  represented using a  polynomial f i t  of 
t e s t  data. The curve ? i t  and t e s t  data  a r e  compared in  Figure 11-16. 
The e f f e c t  of the ro to r  ciownwash on wing l i f t  i s  ca lcu la ted  using the 
ana ly t i ca l  model discussed i n  Section 1 I . D .  This e f f e c t  i s  compared to  
t e s t  data  (from a model of a  s imi la r  a i r c r a f t )  i n  Figure 111-20. One 
to  one agreement i s  no t  expected because of d i f fe rences  i n  the con- 
f igura t ion  of the Model 301 and t h a t  of the model. What i s  s i g n i f i c a c t  
i s  the trend i n  down load with airspeed which i s  qu i t e  good. 
D. S t a b i l i t y  Derivatives 
S t a b i l i t y  der iva t ives  calculated with the mathema t i c a l  mode 1 a r e  compared 
with those calculated with program C81 in  Table 111-1. Signi f icant  
differences between the mathematical model and C81 der iva t ives  a re  evident  
but  &re not  f u l l y  understood. One of the reasons fo r  the d i f fe rence  i n  
the longi tudinal  der iva t ives  may be explained by the f a c t  t h a t  C81 a i r -  
frame inputs a r e  l i nea r  below the s t a l l  angle of a t tack ,  whereas the 
mathematical model accounts fo r  the va r i a t i on  in  the coe f f i c i en t s  with 
angle of a t tack .  The l a t e r a l -d i r ec t iona l  der iva t ives  a r e  i n  b e t t e r  
agreement s ince both the programs use s t a b i l i t y  der iva t ives  f o r  airframe 
inputs ;  the d i f fe rence  in  de r iva t ives  is primari ly  caused by d i f fe rences  
i n  the ro to r  mathematical models. 
However, the d i f fe rences  i n  computed der iva t ives  of the two programs are  
small enough tha t  the r e s u l t i n g  dynamic s t a b i l i t y  c h a r a c t e r i s t i c s  a r e  
s imi l a r ,  a s  d i s c x s e d  l a t e r  i n  S e c t i o ~  1V.F. 
E. S t a t i c  S t a b i l i t y  
I 
Figure 111-21 compares the l eve l  f l i g h t  t r i m  longi tudinal  s t i c k  pos i t ion ,  
blade roo t  co l l ec t ive  p i tch ,  and fuselage p i t ch  a t t i t u d e  calculated with 
tke mathematical model with those calculated with program C8l. These 
a re  i* good agreement wi th  the exception of the longi tudinal  s t i c k  
pos i t ion  a t  a i rspeeds below 50 knots.  This d i f fe rence  i s  caused by the 
d i f fe rence  i n  the wing dowr.load representa t ion  i n  the two programs. I n  
C81 the center  of pressure of the download does n o t  vary with airspeed;  
i n  the simulator mathematical model the download center7 of pressure moves 
af t with increasing airspeed.  
F. Dynamic S t a b i l i t y  
F l igh t  mode charac te r i s  t i c s  calculated with the mathematical mode 1 are  
comuared with those calculated by program C81 i n  Table ;XI-2. Note tha t  
cha rac t e r i s t i c s  f o r  the mathematical model were determined both from 
response time h i s t o r i e s  and by solving the c h a r a c t e r i s t i c  equations using 
the der iva t ives  given i n  Table 111-1. The d i f fe rences  i n  the f l i g h t  
mode c h a r a c t e r i s t i c s  ( p a r t i c u l a r l y  f o r  the phugoid mode) may be caused 
by the ro to r  rpm degree of freedom being a c t i - ~ e  when the respcnse time 
h i s t o r i e s  were obtained. A higher s h o r t  period damping predicted by 
program C81 is due t o  a  higher est imate of the wing downwash lag 
der iva t ive  C,,,.. Differences i n  sho r t  period frequencies a r e  pr imari ly  due 
Q to  inaccuracies i n  the ro to r  ma thema t i c a l  mode 1 computation of inplane 
forces  r e su l t i ng  from a neglec t  of s t a l l  e f f e c t s .  
Thc f l i g h t  mode c h a r a c t e r i s t i c s  computed by the two programs are  compared 
with the MIL-F-83300 l eve l  1 requirements i n  Figures 111-22 and 111-23. 
Charac ter i s t ics  computed from these two programs are  such t h a t  they meet 
the l eve l  1 requirements and would be expected t o  produce s imi la r  p i l o t  
evaluat ion.  
C. Control S e n s i t i v i t y  and Damping 
cigures  111-24 and 111-25 compare the cont ro l  s e n s i t i v i t y  ca lcu la ted  with 
the rathematical  madel with t h a t  ca lcu la ted  with program C81. Agreement 
i s  good except fo r  the con t ro l  power a t  = 30'. Inves t iga t ion  of 
t h i s  d i f fe rence  revealed t h a t  the C81 data is i n  e r r o r  a t  t h i s  mast angle;  
the mathematical model r e f l e c t s  the co r r ec t  s e n s i t i v i t y .  
Comparison of a i r c r a f t  damping c h a r a c t e r i s t i c s  a s  shown i n  Figure 111-26 





























































































































































































































































































h e  or Ci\:I%?rrr ,d ,utd . 11 :'I., .a:.. 






















































































??? p 1;: 
dr(d 
n u n  n n u  W B U  
& a 0 1  010401 
hl 
\ m r -  
"Y? V O ?  
sx'r 
4Juu 
. . .  :::N 
n u l l  n u n  
4 x s - P  x's2 
U U U  
Ih 
s P,. 










































O h  
.04 .06 .08 . LO .12 .14 .16 .18 
HELICOPTER THRUST COEFFICIENT/SOLIDITY (C 10) 
T~ 





























































1000 200C 3000 4000 
ROTOR LIFT - LBS 





























































































TRUE AIRSPEED - KNOTS 
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Figure 111-18. Helicopter Mode Yawing Moment Coefficient Correlation 
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Figure  111-26. A i r c r a f t  Damping C o r r e l a t i o n  
IV .  CONTPACTOR EVALUATISS OF ZSAA S LWLATIOX 
Coctractor evaluation of the Model 301 research a i r c r a f t  simulation on th r  
NASA Ames FSM t o  def ine  de f i c i enc i e s  of the math model, computer progran, 
and the simulator hard-ware was condgcted p r io r  t o  formal evaluat ion by the 
A ~ ~ / N A S A  T i l t  Rctor Pro jec t  Office.  
A. - Math Model and Computer Program Dcf i c ienc ies  
The ro to r  m t h  md=l does not  includc s t a l l  o r  compressibi l i tv .  The 
requirement t o  include these e f f e c t s  i n  the math r,~odcl was deleted 
in  order t o  m e t  thc schedule f o r  the A ~ ~ / N A S A  evaluation. However, 
the f i rs t  order e f f e c t s  of s t a l l  and compressibi l i ty  have been in-  
cluded by l imi t ing  t h r u s t  t o  a value detcmihed us i r~g  an ana lys is  
which includes s t a l l  and compressibi l i ty  and by a rb i t r a r . i l y  codif;-- 
ing the r..tQr power required equation t o  obtain t+c co r r ec t  power 
a t  maximm speed i n  the he l icopter  an6 a i rp lane  modes. 
The ro to r  flapping t i m r  constant  is approximted by the t ransport  
delay lzsging the response t o  cyc l i c  s t i c k  inputs by the computer 
fr3me time (0.048 seconds). ':his gives a n i n i n u ~  delay of 0.04E 
seconds and a -1x3mr. of 0.096 secmds compared t o  the r o t c r  t irle 
constant i n  hover of C.OS second;. 
A uni f o ~ c  inflow is assumed &ish means tha t  l a t e r a l  i lapping in 
hel icopter  node is ixaccurate ,  and the tanden ro tor  e f f e c t  on ro tor  
induced v e l x i t y  i n  sideward f 1 igh t  is not represented. 
( 2 )  Airframc aerodyndmics a r e  not  adequate i n  rearward and sideward 
f l i g h t  as accuraie  aerodynamics a r e  l imited t o  u,? = 220 degrees. 
WhiLe ving and t a i l  s t a l l  a r e  represented, t.he wicg downwash a t  thc 
t a i l  is k ' i e v e d  s u t j e r t  t o  e r r ~ r  a t  angles of ?+ tack  shove wing 
s t a l l .  
.I chmge i n  wing f l ap  s e t t i n g  praduces an abrupt change in  ! ic t ,  
drak, and pi tching moment. The f l ap  s e t t i n g  changes ins tmtancously 
ar-d is tbe re fLre  not representat ive.  
Wing dihedral d f e c t z  a r e  accurate  only fo r  s i d e s l i p  m g l e s  less 
than 212 degrees. 
( 3 )  Rotor downbdsh a t  the horizo-tal  t a i l  i s  accurate only f o r  levc l  
f l i g h t  a s  i t  i s  not var ied a s  a function of angle of a t t a c k  OY s ide -  
szip. 
Make r ec i r cu la t ion  e f f e c t s  a t  the kcr izonta l  taL; i n  ground e f f e c t  
bre not accoun t~d  fo r .  
( 4 )  The SCA. and RPM governor systems have not been ont i r ized .  Further 
wor on these systoos i s  planned for  the F-sse  11 sinula t ions .  
HI .-ver, t h e i r  performance is s a t i s f a c t o r y  for  preliminary evaluat ion 
of a i r c r a f t  cha rac t e r i s  t i c s .  
( 5 )  With the a i r c r a f t  on the ground and a t  f u l l  down co l l ec t ive  p i tch ,  _ _ -  - 
a high frequency osc i  l l a t i v n  (approximate ly  5 tps) uccurs . This 
apparent ly re- J 1 rs from an unstable i n t e rac t ion  be tween the landing 
gear  math mode 1 and the ro to r  induced ve loci  ty math mode 1. Lais ing 
the c o l l e c t i v e  approximate ly  one inch e  limina t e s  the osc i 1 l a  t ion.  
( 6 '  Several unexplainable computer "crnshes" occurred when f ly ing  a t  
% s t =  60 degrees. These were not  r e p e t i t i v e ,  i n  t h a t  f l y i n s  back 
t o  tile same condit ion did not r e s u l t  i n  a "crssh". The cause of 
t h i s  problem has not  y e t  been determined. 
B.  Simulatcr Hardware Lkficiencins 
( 1 )  The cab cont ro ls  ax t n o t  representa t ive  of the Model 301. TLe cyc l i c  
s t i c k  has t ~ o  much i n e r t i a  which a f f e c t s  the p i l o t s  a b i l i t y  t o  hover 
' pa r t i cu l a r ly  SCAS o f f ) .  In hover, numerous rapid and small arnpli- 
tude motions a r e  required.  The high i n e r t i a  causes a  lag 2nd an 
wershoot ,  r e su l t i ng  i n  over cont ro l l ing .  The c y c l i c  a l s o  has an 
excess amount of f r e e  p l sy  i n  the force de ten t .  The cyc l i c ,  with 
force f e e l  on, is too "viscous" fee l ing .  Smooth inputs and exact  
re turn  t o  t r i m  a r e  d i f f i c u l t .  Addit ional ly,  there is  a  r.2tcheting 
f e e l  when moving the c y c l i c  fore  and a£ t . 
With the force gradien t  off  (magnetic brake button depres5ed) un- 
acceptable high i n e r t i a  and viscous damping forces  a r e  presea t . 
When the t r ake  is released there is a  large s t i c k  junp.  
3 
The pedals a l s o  have a  high i n e r t i a  causing lag and overshoot. - i 
Z 
( 2 )  The v i s u a l  system has no per iphera l  capab i l i t y  making hovering f l i g h t  i 
very d i f f i c u l t .  The reso lu t ion  of the d isp lay  i s  low causing d i f f i -  5 
c u l t y  i n  perception of small  ve loc i ty  and a t t i t u d e  changes fur ther  f 
increasing the d i f  f i c u l  ry ir hover. i 
( 3 )  The ins t ru~nent  panel is a compromise between the two cont rac tors ,  
consequently the panel l a y ~ u t  i s  n o t  t h a t  of the Mode 1 301. 
(4: _%a abseace of no ise  and v ib ra t ion  cues c h a r a c t e r i s t i c  of ro ta ry  
wing VTOL's reduces t1.e f:.ight condi t ion information provided the 
p i l o t .  
V .  RECOMlGNDATIONS FOR F3RTHER DEVELOPHENT OF MODEL 301 SIXULATIOS 
The following modifications and addi t ions  to  the mathematical mode 1, cmtpc t t r  
program, and FSAA hardware a r e  recomnended f o r  implemntat ion p r io r  t o  the 
Phase 11 simulations : 
A. Mathematical Model and Computer Program 
1. Rotor 
-
The ro to r  t ip-pat. .  -plane f lapping degrees of f r e e d m  should be in- 
cluded i n  the math.-.llaticrl mode 1 to  improve predict ion of t r ans i en t  
f lapping and ro t s1  inplane shear forces .  D i f f e r e n t i a l  equations f o r  
r o t c r  flapping havr a l ready  been derived bur were :lot inplenented 
because they required a large increase i n  computer frame time. The 
problem u i  t h  implementing the d i f f e r e n t i a l  equatio:..~ Lies with the 
forward precession f lapping mode which has a n a t u r a l  rrequency of 
approximately two-per-rev . In order  t o  include the f lapping degrees 
of freedom i n  the mathematical model i t  w i l l  be necessary to  f i c d  a 
means of e l iminat ing the foward precession r jde from the solutiotl  of 
the d i f f e r e n t i a l  equations. 
The ro to r  induced ve loc i ty  must be modified ro inciude non-uniform 
inflow and the tandem ro tor  e f f e c t  i n  sideward f l i g h t .  
2. Airframe 
The mathematical m d e l  of the airframe aerodynamics should be extended 
to  include 2 180 degrees of angle of a t t a c k  and s ides  l i p  s o  Chat the 
aerodynamics a r e  completely v a l i d  i n  v e r t i c a l ,  rearward, and sideward 
f l i g h t .  Data from the t e s t s  of the Model 301 powered a e r o r l a s t i c  
model can be used t o  guide t h i s  e f f o r t .  
The wing downwash representa t ion  a t  angles of a t t a c k  above wing s t a l l  
should be improved. 
The computer program should be niodified to  interpolat. :  3etween f l a p  
s e t t i n b s  and the f l a p  ex tend/ re t rac t  time should be added to the 
ma themt i ca l  model. 
A representat ion of the airframe ~ u f f e t  which a:-.ompanies l i f t i n g  
surface s t a l l  should be added t o  the node1 t o  provide the p i l o t  wich 
a s t a l l  cue 
3. Rotor Wake-Airfrar -Ground In te rac t ion  
The mathematical moLl  of t:.e r a t o r  wake e f f e c t s  on the hor izonta l  
s t a b i l i z e r  and f i n s  should be modified t o  r e f l e c t  da t a  from the t e s t  
of the Model "#.'I ?owered aeroe lastis mode 1. 
Ground e f f e c t s  on the wing and lo r i zon ta l  t a i l  should be added t o  
improve representation of STOL bode take off and landing. 
4. Fl ight  Controls and Subsystems 
The matheamcical model should be modified t o  include fa i lu res  in  
the subsystems. This w i l l  require modeling a l l  channels of the 
SCAS and RPH governor, the potent ia l  f a i l u r e  modes, and f a i l u r e  
indicators.  
5. Engine and Drive System 
A ~ a t h e m a t i c a l  model of the second engine and the refinements 
required t o  improve simulation of engine f a i l u r e  should be incor- 
portated. 
B. Simulator Hardware 
1. Cab Cockpit 
The FS3A cockpit shculd be mock-up t o  represent the Model 301 ins t ru-  
ment panel layout, pedal ana cycl ic  s t i c k  i n e r t i a  and free play char- 
a c t e r i s t i c s  (new hardware w i l l  probably be necessary), and the power 
management system. I n  order t o  use the simulation t o  optimize the 
cockpit layout it w i l ~  be necessary t o  represent exactly the locat ion,  
s i z e  and shape of the various levers manipulated by tile p i l o t .  It 
w i l l  a l so  be necessary t o  represent the instrument location and Lace 
charac ter is t ics .  Location of a l l  switches, knobs and indicator  l igh t s  
should be represented. 
2. Noise Cues 
A noise cue generator having noise cha rac te r i s t i c s  app.-opriate to  tF.e 
Model 301 should be developed. The generator should inclz?e ro tor ,  
engine and drive system noi;ie which var ies  a s  a Function of rpm, 
power se t t ing ,  conversion angle and airspeed. 
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APPENDIX A 
EQUATIONS FOR TILT-ROTOR 
FLIG!TI' SIMULATION PROGRAM 
BELL Use O r  d~lclorure cl ddld cn this p y e  1s 
HEUCOPTER cour*rrur subpd lo the rertr~ctton on !he titie w e  
- 























F t  

EQUATIONS 
A. Blade Twist Constants 
(One Time Per Rotor) 
K 1 m C O , ~  = - [sin (el xm- - sin (9; xm)] 
0: 
1 2 2 
K ~ l  ,m - - [ (X m - 1) cos (elm X,-~)-(X~) cos (elrn x m ;I J 
el=' 
1 2 m 
K~l,m + - [Om - 1) sin (el x~-~)-(x~)~ s i n  (elm xm)] 
elm 
1 3 m m K ~ ~ , ~  + - [(x -~) sin (0, 'm-1 )-(X m )3 sin (el x In ) ]  
elm 
- 
mere 81. = twist rare oi mth segment =k - ( 'm- 1 )) 
'rn 
= Radial station of mth segment 
'm 
= Blade pitch angle at mth segment 
K ~ n ,  m 
= Blade twist constants 
(n = 0, 1, 2, 3 )  
m = No. of segments of starting from tip (R = B) 
to root (R = 0) 
Define, 
m 
TWl = z 
m 
cos & €Iom 
n 1 
m 
TW3, = E K ~ n ,  m sin A O 1 Om 
Where 
B. Initial Transformation Equations 
(One Time Per Rotor) 
, 9 Blade pitch at the rotor center. R 
A = nR 2 
? 2 DN' = ~h 
TD3 = TAN ( b 3 )  
BELL Use or  d ~ s t l o s u r e  of data on  t h ~ s  paye 15 
HELICOPTER c o r a ~ ~  subpct  to the  r e s t r ~ c t ~ o n  on the  title pdqe 
C . Long Term - Transformations 
1. Rotor Angular Velocity in Space. 
O U R  = n + p sin pM cos Q + q cos p M  sin 4 - r cos @ cos 0 R M M M M 
OIL = OL + p sin p M  cos Q i q cos p sin Q + r cos @ cos Q M M M M M 




p~ pHHR cos + qHHR sin 
where 
Pm = p cos $ M - q sin p M  s'r. gM + r sin M c, 
- Wind azimuth angle defined to be equal to -1 tan - 
u.m 
Left  Rotor 
- 
PWML PHML coo + qHML s i n  
= -pm s i n  & + qm cos & 
where 
PHML = -p cos pM - q s i n  B s i n  0 - r s i n  p cos 0 M M M M 
- 
qHML q C O s  gM - r s i n  @ M 
r.- 
-1 'HME 
- Wind azimuth angle def!ned t o  be equal t o  tan - 
'HML 
3. Rotor Hub Velocity - Mast Axes 
Right Rotor 
- UmR CGS BM - VHBR s i n  p s i n  @ + WHBR s i n  BM cos 0 M M M 
"M = VmR @ M + WHBR s i n  0 M 
- Wm - -UmR s i n  p - M VmR cos s i n  @ + WHBR cos p cos % M M M 
where, 
Urn\ = i ~ - q * ~ ~ ~ -  r * \ H  
'HBR = V +  p * L Z H +  r * L X H  
'HBR 





12 + lM s i n  i3 cos aM M 
I (BL. - B + ~ )  
- 3P 4 1 ~ -  12 + 1 s i n  gM M 
I 
- W L c ~ )  
I L z ~  - 12 M M - + 1 cos fl cos gM 
- 
"HML - 'HBL cos pM + VHBL s i n  C s i n  O + WHBL c in  0 cos mM M M M 
- 
IHML - - cos gM + Y , ~ ~  s i n  $ 
= - 
HLIL UHBL s i n  + VHBL cos ?., sir Q + -Y M P " C  ? .  F O S ,  " M , t I tL  i', .: ' 
where, 
4. Aerodynaric Coefficients 
R i g h t  Rotor 
DNR = p f l q 2  11N' R 
icients) ( a ,  , a - blade lift i o ~ f f  2 
213 Y, 
Define, 
Q, = 0.5 o a, ( D N ~ )  
(For Lef t  ro to r  replace subscr ip t  R with L) 
D. Short Term Transformations 
(Every update c y c l e r  
1. 'Wind-Ma. + ' Axis Cyclic Inputs 
- -  
Righ i -,; ,or 
- 
*1R = ?I cos & - BIR s i n  %MR 1 R  
- 
- 
1 R  - AIR s i n  FW+ BIR cos kHR 
(For l e f t  ro to r  replace subscr ip t  R with L) 
2. Blade P i tch  Constants 
Right Rotor 
CSnR = (Win - W3,) s i n  9 + (W2, + TW4,) cos BoR OR 
' C ~ R  = -(W2 + ~ 4 , )  s i n  €IoR + (Win - TW3 ) cos €IoR n n 
(For l e f t  ro to r  replace subscr ip t  R with L) 
3. Performance Parameters 
Right Rotor 
(For left rotor replace subscript R with L) 
4. Thrust and Induced Velocity 
Right Rotor 
If \/U2 + v2 > 30 OR C > 1 SET C = 1 
(In IC only) 
'i~ = A, (n; R) 
(For AiR Initilization use liR = Sign Q jR * (93R) * s  ) 
Tllrus t Limit 
- 
If T~ > f  (P)' Set PR = TR 
- 
T~ = CT f ( p )  * DN R 
@or Left Rotor replace subscript R with L) 
5. Rotor Flapping (Wind-Mast Axis System) 
Rinht Rotor 
b.  Rotor flappin& i n  mast ax i s  system 
- 
a = a  cos b + L l R s i n  1R 1R 
- 
- 
b l R  - -a s i n  k + K l R  cos 1R 
(For l e f t  rotor replace R with L) 
7 .  Rotor Inplane Forces in Wind-Mast Axis System 
(Right Rot or 2 
A 1 x E $ C ~ o ~  P~ 'R + 'SZR ( 'm - % ) - 5 ' C ~ R  R 18 
(Equation 
Continued on 
Next Page ) 
- 
301-099-001 A- 13 
8 .  Rotor Inplane Forces i n  Mast Axis System 
- 
H~ = 5 cos + YI( s i n  b m  
- 
I t  = -H s i n  
"R + P coo s, R Skm R 
(For Left rotor replace subscript R with L) 
I 
' ;.i- - r  d+rc+ c ol c'?td cn IFtr pdc 1 
COh(i..%ht .L;+: : 'he I. .',cci,, 8 i . ,~ ' +.je 
9. Rotor Power and Toraue Required 
(For Left rotor replace subscript R wit 
10. Rotor Moments in Mast Axis System 
(For l e f t  rotor replace subscript R with L) 
OUTPUTS 
Subsystem Block No. Syrnbo 1 
a 1R 








b l ~  










W i ~  
QL 
Ma 1L 
l b l b  







~ b / ~ t  
~ b / ~ t  
~ b / ~ t  
HP 







Ft/S ec  
~ b / ~ t  
~ b / ~ t  
L L / F ~  
HP 
Rad/Sec 
SUBSYSTm NO. 2: ROTOR INDUCED VELOCITIES 
INPLTS : 
A. Variables 












Rotor Wake at Wing, Horizontzl Stabilizer and Vertical Stabilizer in 
Mast Axes 
(For rotor wake effects on the left and right wing, on the horizontal 
stabilizer and on the vertical stabilizer, the values of the left rotor 





Components of Rotor Wake in Body Axes: 
Horizontal Stabilizer: 
Vertical Stabilizer: 
.1>V a 'i l>H 
Subsystem Block No. Symbo 1 Units 
Ft/Sec 
r-n AvkSYSTEM NO. 3-FUSELAGE AERODYNAMICS 
INPUTS 
A. Variables 




B. Aerodynamic CoeEficients 
Units 
9 
2 Ft2 Ft2 Ft2 
Ft , - -2 - 2 Deg, k g ,  Deg 9Ft 
7 Ft3 Ft 3 Ft-, - - 
Deg' Deg 
3 Ft2 Ft2 
-2 Fth' , Deg 
EQUATIONS : 
For ct and $ < 2$ 0 F F 
For 6 and pF > 20' F 
For Q > 20°, F F  F C 70' 
For 
\ Wind axis ( system 
OUTPUTS : 















SUBSYSTEM NO. 4-KIK-PYLON AERODYNMlICS 
INPUTS : 
A. Variables 





BELL U W  or d~sclorure ol ddtd on I:. . We I, 
W E U O o P T E R  comwruv subpct to the r n l r ~ c t ~ o r ~  n the tttle p y e  
.- 







A. Wing Aerodynamics Affected by Rotor Wake 
- 
Computation o* wing areas S and S under the rotor wakes. i WR i WL 
In this subsection, K is a dummy subscript. It is replaced by R and L 
while computing S and Sim respectively. iWR 
The logical flow chart shows the sequence c)f computations nececs&ry for 
determining S iWK' 
l(C 1K' cZK) and F2(ClK, C ) are procsdures representing computation 2K 
of a contribution to the riiig-area in a rotor wake. 
1 Rwnc 3 3 
X4(= X ? ~ + T ~ ~ K + ~ R ~ ~ ~  (sin 6K)(C21; - clK)
3 3 
- 'T~PK ('2~ - 'IK 
2 2 Rm (sin bK - cos bK) y+ I*. Y%+[$ulK sin 6 K + -bRm 
I Use or d~rclorure ol dtld on t h ~ r  piqe I, r u t l e d  to the rc r l r~c t~on  on the lltle page 1 
I CALL 1 
I CALL 1 
and : 
-
hie or d~rclorure 01 data on lh~r  pale 15 
iublerl to the reitr~chon on the l~lle page 
Urn = - u -  sin p 
M 




6 is the distance forward from wing trailing edge to !3%drt pivot, 
E E U  Use or C~sclostcre ol ddld nn t h ~ s  we 15 
HELICOPTER QOMMNW sublecl lo the r e s t r ~ c l ~ c  on the 11tle paye 
Urn XTEK = - i - lM s i n  - 1' -M 
wwK 
'WK 
WK (- ros P, + q s i n  M 
2 2 If XTE > Rw and XTE > 0, then Siw = 0 
'TEK sin 6 K + 1 cos b K l  $= ) 
2 and XLE C 0 then SiUK = 0 If XLE > RYX 
= h ( x L i y  s in  bK - 1 ~ 0 s  6 I 
'LE~K R~ K + 7 2 -  w 'LEK ) 

Resultant angle of attack 
BELL Ore or d~sclosui'e of ddh cn th15 (*HJ- 13 
HELICOPTER COMPYNV subject to the rvstr~ct~on on the t ~ t l r  vqr 
I 
= tan - 1 
Dynamic pressure: 
L i f t  i n  ( l o c a l )  wind axis  system: 
( l e f t )  : - L i ~ ~  q i ~ ~ .  ' ~ W L  Cb 
(right):  L - iWPR ' i ~ 1 .  cb 
Drag i n  ( loca l )  wind axis  system: 
S C ( l e f t ) :  DiUpL= qiWL Dw 
(right):  D - S C 
~ W R -  qiWP~ iWR Dw 
Wing Aerodyna~~ics in  freestream fiow 
(Wing area subjected to  freestream - LW) 
Dynamic Pressure: 
Rotor fll~w field effects at wing: 
-IF8 
Angle or' Attack at the wing: 
a = a  W F  - &R/W 
Lift in (local) wind axis system: 




Prandtl - Glauert compressibility factor : 
"e 
% + 4 cos ( A  ) 44. w= % Bc + 4 cos (llc/4)U 
where : 
I Use or dtrilosure of adld cn lhlr pdyr 15 sub~ect to the rertr~cl lon or1 the tdle owe I 
BELL Use or d~rclosure o l  data on lh15 pdye I5 
HELICOPTER COMPANY sublcct to Ihe reslrlct~on on the IIIIQ pdqe 
for U > 15 ft/sec, 
Y - Force in the (localj wind  axis system: 
Roll and yaw moments in (loc-il) wind  axis: 
where the aircraft angular velociti2s in wind axis system are, 
p '  = p  cos a CCS +q sin $ + r sin a cos fJ W F F W F 
r'  = -p sin c W + r cos CY K 
and the lateral-directional stability derivatives are, 
15 Deg 

Wi.;d Make Deflection at Horizontal Tail is 3 function of a n ~ l e  of attack at 
t!~e inboard section of the wing, .;last tilt, flap deflection derived from 
test data. 
IUTPUTS : 












Subsystem Block No. 




"i 1 R/H 



























S lug/f t 3 
No 
ND 




SUBSYSTH NO. 5-HORIZONTAL STABI-I-IZER AERODYNAMICS 
INPUTS : 
A. Variables 
t - . . . -\ 
:- s@? a : Fir- .. - 
EQUATIONS 
Body-axes ve loc i ty  components due t o  vector V (7 + GH) 
UWH = U + 
VWH = w + wil>H 
UWH and V affected by wIng wake (G ) and body pitch rate ( q ) ,  WH /H 
where, 
Total velocity:  
Angle of attack for l i f t  equation: 
= i + t a n  (2) - (5%) f i e  ( for % 7 1.0) 
H 
Angle of attack for drag equation: 
Dynamic pressure: 
Lif t  in  ( local)  wind axes: 
For U < 67.5  ft /sec,  s e t  crF = 0 ;  if u < - 35, se t  U = 35 ft/sec 
Drag in ( local)  wind axes: 
Local angle sf artack (for resolviug forces) 
Pitching moment : 
BELL Ute or d~rclorurr of dala on l h ~ r  palr 15 
H E U O O F ~ ~ ~ ?  oorwsurr sublc~t to me rer l r~c l~en on the tltle ~ a j e  
OUTPUTS : 




BELL Use or d~sclorur~ nt MJ , I $  t h ~ \  p d ~ .  
HELICOPTER oomnuur s u b ~ t  o 1l.c r .  , t r  3 1  11 ,*! !rl the t ~ t l *  [:~p 
SUBSYSTEM W. 6 -VERTICLU STABILIZER AERODYNAMICS 
INPUTS : 
A. Variables 









The H-rail is represented as a lect and right fin. Velocity at the left fin, 
where, 
1 
lxv = (sq - SL 1- CG 12 
L BL !-- lw = ('5 - CG 12  
1 
lzv = mv - WLc& 
Velocity at right fin, 
= / (U + uiIB - q*lzv - r41 j2 
R/v W 
+(V - '*Iw + p*lzv) 2 
+(w - + q*lm + p*lw) 
u i h  
for 
+ - 
Define sideslip angle due to vector (V + W T i R/v) 
@;%, = tan-' 
De inc Zero Rudder Sideslip Angle, i f  i;: + ui lB  ) < 10, set = 10.0 :t/sec 
I R/V 
b 
0 2(u + ui 
Sideslip Angle for Y Force Enuation, 
%n, R = 3 (For % c 1 .O) VL, Ro 
- 
%L,R o + ( v R )  * 6 R (for % >  1.0) 
SideslLp Angle for Drag Equation, 
Dynamic Pressure, 
7 L 
qvr, - (1/2 p Vv;) 7, and q = (1/2 P VVR) ?/ m 
Forces in the local wind axes  are, 
I 
YiR = f S,; qm Cy 
v 
Use or d~rciosure ol ddtd on t h ~ s  itaye 11) 









SUBSYSTEM NO. 7 :  RETRACTTABLE LANDING GEAR 
INPUTS : 
A. Variables 
Subsystem Block No. Symbo 1 
B. Aerodynamic Coefficients 
DOHGU(t) 
D o ~ ~ u (  ) 
C. Strut Force Coefficients 







s lug/Ft 3 
Butt l ines  posi t ive t o  r ight .  Water l ines  defined 
with zero loads i n  landing gears. 
Where, 
n = 1, 2,  3 
1 = Left Main Gear 
2 = Right Main Gear 
3 = Nose Gear 
Aerodynamic Force Equcltions 
1 2  
qF = y P VT 
A. Gears Down 
0 .  Gears lip 
S t s u t  Force Equations 
-
S t r u t  Deflection 
- 
h ~ b  = xn s i n  R - zn cos 
- Yn 
i'~*. = [yn s i n  0 + (Zn + yn) (COS @ - 1 ) I  cos 0 
h ~ n  = (h + hGh - hDQn)/(cos COS 0) 
Landing Gcar Locations 
- Xn - SLCG - SLCn 
B E U  Use or d~sclorure of ddtd on t h ~ r  pdyc I S  
HEUCOPTER COMFWUY suhlecl to the reW~ct lon  on the t ~ t k  paye 
r i 
Strut Deflection Rate 
1 
Strut Vertical Force 
-- 
Strut Longitudinal Force 
Flrn = - (ko + 
. 
Strut Sidc Force 
I F  V = 0, FSn = 0 
Force and Moment Contributions of Gear Struts 
BELL Use or d~srlo;ure ol ddla on I111< paie 1 5  
HEUCOFTER comm~r subject lo the recrr~ctiun on Itie 111le y q e  
r- 






Lb. f t 
Lb. ft 
SUBSYSTEM NO. 8a COhTROLS MIXER 
I 
A. Variables 




X ~ o ~  
ESAS 
RSAS 
F,, FZ' F y  F 
UP, DS 
~ e g / 1 n ,  Deg/In 
Deg, In 
This page le f t  blank 




# \  TABLE C 11 
LATERAL STICK 
TABLE C 111 
A 
COLLECTIVE 
I TABLE C V 
X THR 
TABLE C VI  
Limit 0' 
TABLE C IV 8 0 L i m i t  90 
0 % 





SELECT 3 Fx 
SWITCH 





LZ 0&\. a nrM 
EQUATIONS 
A. Collective Pitch 
B. Longitudinal Cyclic 
eEU Use or d~sclosure ol drtc on thls paqe is 
HEUOOPTER -Y sub.pct to the ratr~ct~on o tht t~tle page 
I 
C .  Elevator, Rudder, Aileron 
D. Nacelle T i l t  
pH - f (pH) + (1, 0, - 1) (Fwd, Neutral, A f t )  
E.  Flap Selector 
Flap/Flaperon Setting i s :  
Use to 
se lect  
table 
F. Landing Gear Selector 
G. Variable Incidence Stabilizer 
I Use or dtrclorurc 01 data on l h ~ r  paje 1% sublcct to the rerlr~c.t~on on the title m e  I 
Subsystem Block No. Symbol Units 
Deg 
B E U  Use or d~sclosure ol data on thlr pdy  tr 
HEUCOPTER ~ ~ ~ R l l h l v  sublect to the r e s t r ~ c l ~ o n  on the t ~ t l e  p q c  
SUBSYSTEM NO. 8b: FORCE FEEL SYSTEM 
INPUTS : 
A. Variables 















K t s  
BELL Use or dtsclorure of dala on lhls W e  I S  












Use or d~rclosure UI ddtd on th15 pdqe 11 
sub~etl  lo ,he r e - t r ~ c l m  on the htl? DW? I  
SUBSYSTEM NO. 8c: CONTROL FORCE TRIM SYSTEM 
INPUTS : 
A. Variables 









On or Off 
EQUATIONS: 
If trim button depressed (B ON) FT -- 
- 
'LNT - 'LN 
'LTT = 'LT 
- 
'PDT - 'PD 
I t '  trim button is not depressed (B OFF) iT - 




SUBSYSTEM NO. 8d: PILOT'S CONTROL FUNCTION 
INPUTS : 
A. Variables 






Pilot in the Loop 
OUTPUTS : 
Control 








Coll. Stick Inch 
Eeep 
Swltch 








Subsystem Block No. Symbo 1 
Control 




SUBSYSTEM NO. 9-CG AND INERTIA SHIFT WITH PYLON TILT - 
INPUTS 
A, Variables 
Subsystem Block No. 






F t .  
Slugs - F t  2 
Deg . 
E L L  
EQUATIONS 





S L c ~  
%G 
= 2 sin pH + X (1 - cos BPI) 
Rotor Hub Height &om Ground, 
CG Velocity Due to Pylon T i l t  Rate, 
CG Acceleration (Ncglec ting &) 
b. 
X~~ = -Z [bM * s in  + x[jk2 
.. 
%G = z [h2 * cos $,I + xch2 
Aircraft Inertia Change Due to Pylon T i l t  
Ixx = 40((& = 0 - Krl BW 
k = % Y ( ~ M = O - K ~ 2 8 ~  
Izz = I zzle, = 0 + 5 3  44 
3 2  = %ZIe, = 0 - K14 64 
* cc. $J 
* s in  pH] 
OUTPUTS 
-





SUBSYSTEM NO. 10: AXES TRANSFORMATIONS 
10a. Transformation of Airframe Aerodynamic Forces and Kments 
from Wind to Body Axes 
INPUTS : 




































HEUCOPTER comruhlr ~ ~ ~ I J ~ N I  lo l h ~  r+ , t r~ t  t11~11  ( I I I  111, ! , ! t 6  , w , ~  
EQUATIOSS: 
A. General Form of Transformation 
cos CY cos pi - cos CY sin f3 - sin CY i i I 
sin pi cos pi 0 
sin a. cos - sin CY sin pi cos CY 
1 i i i Wind 
This transformation matrix is also used for the moment 
transformation. a. and Pi are the component angle of 
1 
attack and sideslip angle, respectively. 
B. Transformation of Fuselage Forces and Moments 
X = -D cos CY cos $ - Y' c.os CY sin$ + LF sin CY F F F F F F F 
*F = -D sin $ + Yf. cos $ F F F 
z~ 
= -D sin CY cos $ - y' sin CY sin $ - L cos CY 
F F F F F F F F 
LF = 1' cos CY cos pF F F F F F F - % cos ar sin $ - N' sin CY 
MF = 1' sin PF + cos F F 
NF = 1' sin CY cos F F F F I? F - sin a sin + N' cos CY 
C. Transf orrnation of Wing Forces and Moments 
1. Forces Generated by Rotor Wake 
= -D 
'iWPR 
 in^ cog a;/W '0s pkh + LiWR s i n  a' F/W 
- 
iWPR - -DiWR s i n  8' F/ w 
- 
'i WPR - -DiWP~ F/W F/W LiWP~ s i n  a' cos 8 '  . cos a' F/W 
2. Forces and Moments Generated by Freestream Flow 
= -D, cos e cos 8 W F - yh? W W cos a s i n  PF + s i n  e 
- Y, - -Dw s i n  $ F + Y ; P  cos p F 
- zWP - -DUp s i n  a W cos pF  - ~b s i n  a W s i n  F - cos e W 
Itlp = I;p cos a cos p - W F MbW cos 2 W s i n  F - N& s i n  W 
Efm = l;P s i n  pF + ~ ; ) y p  cos p P  
% = 1;P s i n  qr COP pF 
- "4, s i n  a W s i n  pF + N&, cos a b! 
D. Transformation of Horizontal S t a b i l i z e r  Forces and Moments 
X~ = -D cos y, cos P p  + L s i n  e H H H 
YH = -D s i n  
H F 
ZH = -D s i n  a,, coo p - L cos eH H F H 
lH = -M,', cos irH sin $ F 
% = H;( COO p F 
NH = -n;f sin uH sin $ F 
E, Transformation of Vertical Stabilizer Forces. 
- XVR - -Dm cos ct. LOS $ + YiR cos ct sin d no H 
- YVR - -Dm sin $ - Y;R cos $ 
VRo VRo 
- Z v R -  -DVR sin@ cos $ + y i R  sinor s i n p  
H H 
no 
F. Transformation of Landing Gear Aerodynamic Forces 
)ko = -DHC cos OF COS pF 
- Y* - -DHC S-n 8 F 
= ,TI 
zm %G sin aF cos pF 
OUTPUTS : 




















lob. Transformation of Rotor Forces and Mornents from Mast to Body Axes 
INPUTS : 
-
Subsystem Blcck No. 
Lb: 










X~ = -H c o s  e cos 0, - Y, s i n  @ s i n  % + T s i n  0,. cos gM R N M M R 
YR = H sip ? s i n  gM + Y cos CDM R H R R v~ M + T cos Q s i n  O 
- ZR - - H~ s i n  DN cos $ < YR cos By s i n  Q - T cos 2 cos % M R M 
XL = -W cos @ cos 0, - Y, s i n  8, s i n  0, L M M H + TL s i n  B cos Q 
Y L =  - H L b i n 8  s i n e x  - Y  cos @M H L  - T  L c o s B y s i n &  
Z = - H - s i n B  cos @M + Y  ~ o s @ ~ s i n % ~  - T col: 3 c s ;  OH L L E: L  L  >l 
I , =  ? c o s 6  c s s  b l ~  - 'AIR s i n  8, s i n  gM - QR s i n  ccs C? R M !4 N 
= -:biR s i n  BN s i n  $ + MAIR cos 0 M M -QR C O ~  8, s i n  0 M 
lu = s i n  9 cos B + MAIR cos flM s i n  Q + QR cos B N  ces  C R 'biu n u M M 
- 
- - l b l ~  cos $ cos @ - 4 s i n  $ s i n  0 + Q s i n  SH cos OH M M A1L M M L  
% = l b l ~  s i n  f i  sui 0 + M cos aM + QL cos Pw s i n  eM M M A1L 
W = - 1  s i n $  c o s O  + H  c o s p  s i n @ , - Q , c o s a  C O S % ~  L blL EI X ALL M M 
Subsystem Block No. 
@ 
Symbol 
(X, Y, ZIR 
(X, Y ,  z)L 
(1, H, NIR 





F t  -Lbs 
10c. Subsystem for Euler Angles 
INPUTS : 








= p + r tan 8 cos 0 +  q tan 8 s in  $ 
OUTPUTS: 















BELL Use or dtrrlorurc ot &I& on lhlr y*lr I\ HELJCOPTER-r 








UEB = U cos T cos + V cos T s i n  0 s i n  0 - V s i n  T sos 0 
+ W  cos T s i n  0 cos @ + W  s i n  T s i n  0 - U wind E 
VEE = U s i n  Y cos 0 + V cos Y cos ) +  V s i n  Y s i n  0 s i n  0 
+ W  s i n  y s i n  0 cos 0 - U cos Y s i n  @ - V wind E 
'EB = -U s i n  8 + V cos 8 s i n  0 + W cos 8 cos Q + W wind E 
OUTPUTS : 




1Od. Subsystem for Earth Based Velocities 
INPUTS : 









1Oe. Subsystem for Ground Velocity Sumnation 










u, = u (cos Yw cos $1 W 
OUTPUT: 
















10f. Subsystem for Ground Reference Distances 
INPUTS ? 
Subsystem Block No. Symbol 
EQUATIONS : 
(ma - 11.0) 
ho = 12  + hI (hI - Initial CG altitude) 
OUTPUTS : 














6tEt-L Use or dtscbwre 01 &I4 (m Ih15 paye 15 
HELKX)PT(ER COMFIUUV lubpcl lo the rntr~cl~on o Ihe ttlle pale 
SUBSYSTEM NO. 11: AIRCRAFT ANGULAR ACCELERATIONS AND VELOCITIES 
INPUTS : 
A. Varirbles 








~ad /Sec  2 





Slug Ft 2 
Slug Ft 2 
S l t g  Ft 2 










BELL Use or d~sclosure ol dtla on I h n  p j v  15 
HEUOOPTER -Y subpct $ the rcrtr~cl~orr on the t ~ t k  wje 
- 
EQUATIONS : 
A. Aircraft CG Angular Accelerations (Body Axes) 
Roll Equation: 
Pitch Equation: 
Angular Rate Equations: 
B. Pilot Station Accelerations (Body Axes) 
" 
C. P i l o t  S t a t i o n  V e : o c i t i e s  (Body Axesi 
U~~ 
= u - q * ziA - r  * y i A  - icG 
'PA 
= V + r *  1 L p * Z i A  
'PA = w - q * iiA + p * y i A  - icG 
where, liA = (SLcG - S 1 . ~ ~ ) / 1 2 ,  lpA = (SLsp - SLFA)/12 
B L ~ k  
'L = (ELpA - ~ ~ ~ ~ ) / 1 2 ,  YpA = 7
' (VLpA 
BELL Use or dbclorure ol ddtd 
HELICOPTER com~rrrrr rublect lo Ihe re r t r~c t~on  
OUTPUTS 




























SUBSYSTEM NO. 12: BODY AXIS LINEAR ACCELERATIONS AND VELOCITIES 
INPUTS : 
A. Variables 












BELL U l t  or d :$ r lo~~r re  ol tldld 611 1h15 I)CI(J~ I S  
HELICOPTER COMPANY 
-- 
- ,. $ubletl lo Ilie r e r t r ~ t l ~ o n  ~n the l ~ l l r  ydclc 
,J 
-. 
EQUATIONS : , 
X~ 
U = -g sin 8 + Vr - Wq + 
- ~n 
Y~ 
= g cos 8 sin 9 - rU + Wp 3 . -  
m 
z~ ir =- g cos 8 cos ) + qU - pV + -r 
Angle of Attack, 
CY = tan -1 y F U 
Angle of sideslip 
EELL Use or d ~ r c l o r u r e  ol (tdtd 011 I h l \  W:JP o 
HELICOPTER COMMNV sublecl lo t',e r r r t r ~ t t ~ o n  on the l ~ t l e  p d ~ ~  
Subsystem Block No. Symbol Units 
~ t / S e c  
l?t/Sec 
Ft/C.c  
~ t / S e c  
Ka d 
Ra d 
g ' s  
g's 
g ' s  























SUBSYSTM NO. 14-MOHENT SUHHATION 
X.NGUTS: 

























Where, hH h H 2 "H 3 lG = (lGO + lGl * a + lG2 * (x) + lc3 * (a; I * e' *lVT' 
h~ For 0.5 5 2~ 1. 1.4 
6EU 
HELICOPTER -v ."wP. ." ... .-..." - a  .,.. ... c ..... YC.. . 
+ (Y, + Y~)[sL~~ - (SLSp - 12 lH sin &)]/l2 + NF + + NL 
+ N + AN, R & 
OUTPUTS : 
Subsys tern Block No. Units 
Ft.LL. 
F t .  Lb. 
Ft.Lb. 
SUBSYSTEM NO. 15: FLIGHT ENVIRONMENT DATA 
INPUTS : 
A. Variables 







( .002378) (a') 
BELL Use or dtsclorurt ol &Id on this pdcw 15  
HEU-R -V subpcl to the rerlr~rtton on the tllle pqr 
L- 301-099-001 A-99 
Use or d~rclorure 01 ddld 011 th15 pdcjr 1 5  
sub~ffl lo the r e s t r ~ t l ~ o n  011 the hlle rmlr 
OUTPUTS : 
Subsystem Block No. Symbo 1 
P 
Units 
Slugs -Ft 2 
MPH 
EELL Use or d~sclosure ol ddtd on th~s pdcjc 1 5  
HELICOPTER c o n w n ~ v  subpct to the r e ~ t r ~ c t ~ o n  on the l ~ l k  wje 
SUBSYSTEM NO. 16 : PILOT ' S FLIGHT INSTRUMENTS 
COCKPIT INSTRUMENT DISPLAY 
A t  ti tude 
Deviation 
Indica tor  
$ 9  09 0 
% Nacelle T i l t  Angle 
Fx Flap Pos i t ion  
Q, Engine Torque 
& 
VT Airspeed 
W Ver t ica l  Velocity Indica tor  
0 Rotor RPM 
Hor i zonta 1 
Si tua t ion  
Indica tor  
FSA4 - MODEL 301 PILOTS PANEL 
h Baro Alti.neter 
hR Radar Rlt imeter  
. . 
9&V Turn and S l i p  
a Angle of Attack 
g Side S l i p  Angle 
g Nonnal Acceleration 
INPUTS : 
A. Variables 
Subsystem Block No. 
SUBSYSTEM NO. 17: ROTOR COLLECTIVE GOVERNOR 
Units 
B .  Coeff ic ients  
w0 INT 





T f  0, < 0 then 80L,G, eOwG = MIN gm, 0 [ oGrnin 1 
OUTPUTS : 
Subsystem Block No. Symbo 1 
'OL/G$ O o ~ / ~  
RPM 
Rad/Sec 
s i s  Laylace ( operator ) 
SUBSYSTEM NO. 18: ENGINES AND FUEL CONTROLS ,. 
A. Variables 
Subsystem Block No. Symbol 
t 











HEUWPTER cowmhlr I ,UUICCI IU I IW IT>IIICIIU~: i i r i  1'1c 181 P ..j . 
I-- - 
INPUT; : 
, HP, ~ P K ,  l h g ,  
l / I legi ,  Deg 
"I,, % 
~ b / d  
A, Power-Turbine (N,) Governor 
H P ~ ~ ~ ~ ~  = (FP ) t. RC' 0 PTG dtp;c: 
In tegra t ion  begins when I ES 1 has exceeded 
and continues u n t i l  eS < 0.00Z a t  ~ h i c h  
t o  the cur ren t  HPR,o, and tpTC i s  r e s e t  t o  
0.002 f o r  LD seconds, 
time (HP ) i s  - e , e t  80 0 
zero. 
d H P ~ ~ ~  
= s ign  ( - a S )  * M I N  
t~~~ * ~ C ~ ~ I I X S  
(*'l ( H P ~ ~ '  h, 
H P ~ ~ ~ ~ ~  
B. Thro t t l e  Control 
HP~oc i s  the comma:,,', 1 re fer red  optimum HP on one engine. 
t HE' 
= (HPR0) + H P ~ ~ -  -i TH 0 
Integration begins when r has exceeded 0.002 for t seconds, 
P D 
and continues till r < 0.002, at which tine (HPRO) is reset 
P - 0 
to the current WRO, and t TH is reset to zero. 
C. Actual Power Developed 
Referred optimum horsepower of one engine 
The actual pmer developed by the two engines is given by: 
HPR = W * TCR 
%R %L Comnents 
1 1 Both engines operating 
1 0 Left engine cut 
0 1 Right engine out 
Initial vdurs  
HP, * 550 
: (at the beginning of simulation) 
OUTPUTS: 





Lb. F t .  
m€LL. UIe of d~rtlofure ol dalr cn lht,  pa;^ 15 
H m R a w ~ ~ m w  subwl b the reslr~clmn on 4hr tttle pqc 
1 
SUBSYSTEM NO. 19: DRIVE SYSTEM DYNAMICS 
A. Variables 













Drive shaft angular acceleration, 
Use or dtrtlosurc ol ddtd on Iho ~e I; 
sublnt to the rolrlrtlon on !he title w e  
EELL Use or d~xbrure of ddtd on Ih15 wc 15 
He-R -Y subpcl to the reslr~rl~on on the !die pdqc 
I 
SUBSYSTEM NO. 20: STABILITY AND CONTROL AUGMENTATION SYSTEM 
Subsystem Block No. 
















(Pitch Time Constants) 
(Yaw Gains ) 
(Yaw Time Constants) 
(Roll Gains) 
(Roll Time Constants) 
EfyJATIONS : 
- 
A. Pitch SCAS Electronics 
+ PHOLD 
(s is Laplace operator) 
where, 
- 
PHOLD = Kgp 
* IFPH * [~(t) - uIIEF(t)I 
PHOLD is the output from the pitch-attitude-hold and eirspeed-hold circuits. 
IFUH and IFPH defined on page A-115. 
e e u  
HE-Rce~nk 
+ 
- 5 7 . 3  - 
- 
4 
REFERENCE ~ F D  
PITCH ANGLE 
# 
K 1 1  





HOLD O N p   
SCAS ELECTRONICS PITCH CHANNEL 
PHOLD 
* SEE NOTE ON f 
r i  
PAGE A- 1 2 0  
K b ~  
i &F-1 t --. 
LIMITER 
r i  
U - - 1 K 8 ~  
- 
f i  'REF 
L 
t 





0 L - 
SPEED * SEE N m E  ON 
HOLD PAGE A- 1 2 0  
IFPH = 0, If pitch-attitude-hold is Off. 
= 1, If pitch-attitude-hold is Cperatire 
IFLV = 0, If airspeed-hold is Off. 
= 1, If airspeed-hoid is Operative and if U > - 102 ~ t / ~ e c  
When the airspeed-hold is tripped off due to U dropping below 
102 FPS, it can be re-engaged only manually after the aircraft 
has re~ched a new trim-point. 
Pitch SCAS Parameters 
K l ~  - ~ P U  * KIPpM 
- 
K22 - K 2 ~ ~  * K2PpM 
- 
K 3 ~  - K 3 ~ ~  * K3PpM
If INH - 0, Kgp = KSpUO * K 
5 W M 0  
If IFUH = I, Kgp = KSpU1 * K 
5@M1 
- 
K 8 ~  - K 8 ~ ~  * K8@H 
- 
%P - K 9 ~ ~  * 
K l o ~  'K l ~ ~ H  
B. Yaw SCAS Electronics 
+ YHOLD 
where, 
YHOLD i s  the output from the yaw-ottitude-hold circuit. 
IFYH = 0, If yaw-attitude-hold is Off. 
= 1, If yaw-attitude-hold is Operative. 
Yaw SCAS Parameters 







*See Note on page A - 1 2 0  
++ YSCAS 
Y HOLD 




RHOLD is the output from the roll-attitude-hold circuit. 
IFRH = 0, If roll-attitude-hold is Off. 
= 1, T I  roll-attitude-hold is Operative. 
BEU 
'Jrc or d~stloum ol &Id on Ihl\ pdyr 15  HELICOPTER -v subpcl to Ihe rntr~rlton on the t~tte we 
I 
I SCAS ELECTRONICS ROLL CHANNEL 
I 




K 5 ~  
* ROLL i 
HOLD 
*See Note on Page A-120 
LIMITER 
Roll  SCAS Parameters 
- * K K I R  - K l ~ ~  
K9R = %RU * K9R@M 
- I f  IFUH = 0 ,  K5R - KgRUC * K 
5ReM0 
- I f  IFUH = 1, K5R - KgW1 * K 5@ 
*NOTE 
ATTITLI)E/AIRSPEED HOLD SWITCH LOCIC 
1. Turn a l l  holds t o  Off i f  Mag brake r-1 ease depressed 
2. Turn p i t ch  and airspeed holds Off i f  long s t i c k  is  out  of forcc  detent .  
3. Turn r o l l  and yaw holds Off i f  Lat s t i c k  or pedal is out of force 
detent .  
OUTPUTS : 








INPUT DATA F'OR MODEL 301 
TILT ROTOR RESEARCH AIRCRAFT 
TABLE I - MODEL 301 CG AND INERTIA DATA 
DESIGN GW = 13000 l b s  
- 







Fixed and water f ballast (aft to& 
28 7 28 9 291 293 295 297 299 301 
Fuselage station, inches 
ITEM 
Fuselage 
Center of pressure 
Wing-Py lon 













TABLE 11-AIRCRAFT DESIGN DATA 
Vertical Stabilizx 
Center of pressure 
Number of Panels 


































Location of Shaft Pivot Point 







Direction of Rotation 





Blade Flapping Limits 
Flapping Inertia per Blade 
Flapping Spring Rate/Rotor 
Blade Twist Distribution: 
BELL Use or dlrc9rure of &la on Ihl\ pdyv 15 
























Center of Gravity 
Weight (Two pylons) 
I n e r t i a  (Per pylon) 
Landing Gear 
Mair. Gear Coordinates 










21.4 Slug-F t. 2 
431.0 Slug-!It. 2 





0.0 In .  
4.95 In. 
*The b u i l t i n  dihedral  of the pylon is  2.5 degrees; i n  hover e l a s t i c  deformation 
reduces the dihedral  t o  1.0 degree. 0' was erroneously used during Phase I 
simulation. 
301-099-001 B - 5 
B E U  Use or d~sclosure ol d d l ~  on lh15 pdcje 15 
HEUCOPTER commhlv wb~ect lo the reslr~cl~on on Ihe t~ l le  ;dqc 1 - 
I 
Item 





Blade Pitch Governor Lever 




Pitch Attitude Hold 
Yaw Attitude Hold 
Roll Attitude Hold 
Engine Ratings 
2 Min. Contingency 
10 Min. Takeoff 
30 Min. Military 
Normal Rated 
Pilot Station Coordinates 
Pilot Station 























BELL Use or d~rclorure 01 ddla on t h 6  WJ~. 15 
HEUCOPTER ~ a m w v  w b ~ l  10 the r e r l r ~ r l ~ o n  on the tdle pap 
Equation 
Blade Twist 
Constants Ki jm 
Constant 
xmi9 





See Table I1 
0.268 
102.7 Slug-Ft 2 
SUBSYSTEM NO. 2: MODEL 301 AERODYNAMIC DATA 
Equation 
wil R/w 
Constant M301 Value 
SUBSYSTEM NO. 3: MODEL 301 FUSELAGE AERODYNAMIC DATA 
Equation 
=F 
Constant Model 301 Value 
7 . 2 3  
0.905 
1.56 
0 .  
0.036 For 
n a y s  Up 




17 8 !aF< 8') 
8.5 
(Table F- 1) 
0 .  
-1 .44  
0 .  
0 .  
- 7 . 5  
0 .  
-23.5 
TABLE FI FUSELAGE PITCHING MOMENT COEFFICIENT (I&) 
I lW or d l \ ~ l O $ u r ~  CdtJ cn ,'*I\  p.- 
5ubwi! to the r?slrt~t~.~> ,r :P+ h t b  I U . ~  
SUBSYSTM NO. 4: HODEL 301 WING-PYLON AERODYNAMIC DATA 
Equation Cons tan t M301 Value 
Table A 111 
C Tables W 111, W IV 






Table W V 
0 
Table W VI 
Table U VZZ 






- . 0 ~ 1 5  




Table A IV 
Table A IV 
TABLE V I  WING-PYLON LIFT COEFFICIENT (cum) 































































ACH NUMBER (M 
TABU U I I  WINGPYLON L I R  COEFFICIENT (CLw) 
LAP SETTING (F ) F2 ( 4 0 / 2 5 )  F ( 7 5 / 4 ? )  FL ( - 2 8 / - 1 7 . 5 )  
AS7 ANGLE (8,) 90° oU 90" o0 9oV I ou 
Q BELL Cle or d~rclorure at ddtd ctr th~!  N,r i \  HEUCOPIER 0 0 ~ r l ~ 4 ~ v  subpcl lo  the reslrtchon an the t.tk w,r 
TABLE V I I I  WING-PYLON DRAG COEFFICIENT (Cm) 
'LAP SETTING ( 
vsr ANGLE (Br 
IACH NUMBER (P .4 
-- 















*r N o t  
Defined 



























N o t  
ned 
- 
BELL Use or d~rclo\ure ol ddld cn Ihl5 pajr I$ 
HEUOOWR COMIUUV W b ~ l  lo Ihe reslr tr l~on on Ihe l ~ l l r  pdcjr 
I TABLE WXV WING-PYLON COEFFICIENT ( c ~ )  I 
FLAP SETTING (Fx) F2 (40/25) Fj 05/47] F1 (-281-17.5) 
9oU 0 9ov o0 9oV ow 







EEU Use or d~fclosure ol ddld on t h ~ r  pap IS 
HELICOPTER ccrmrrrrv subject lo the resl:~cl~on on the ttlle pdcp 
TABLE W WING WAKE DEFLECTION ON HORIZONTAL STABILIZER (% ) /H 
UCH NUMBER (s) % = O -  . 2  
'LAP SETTING (Fx) F 1 ( o / o )  1 P 2 ( 4 0 / 2 5 )  1 ~ ~ ( 7 5 / 4 7 )  [p4(-28/  7 . 5 )  
1 Otr 
AIRPLANE MODE ($, = 90" 1 
- 4 - 
BEU, Use or dlsclorur~ ol rldtd CII t h ~ t  p q e  15  
HELICOPTER CQM-V wblect to the r r \ t r ~ ~ l i o n  on the t ~ t l e  pn~e 
 




HELICOPTER MODE (CONT) 
7 . O O  



















28 - 40 
TABLE W VI - WING-PYLON DIHEDRAL STABILITY 
A T C  = 0 [ c l b l c L  = O I P E R R A D .  
Lttr MN = 0 
TABLE W V I I  - WING-PYLON DIHEDRAL STABILITY 
AS A FUNCTION OF WING LOADING [C /C ] 
%P ~ J P  
?ABLE A1 AX LERON EFFECTIVENESS (CLba) 
Where 8. = (61-6r)/2 
tor bF = .0/0; (F1) 
pH = 90' ; (Airplane) 
TABLE A11 AILERON EFFECTIVENESS CORRECTION 
Fm FLAP AND wx (K1 FOR ay<~80~ 
0 a 
Flap Mast (1 
Setting Angle Klba 
(Klb a =o @ aw= 225') 
(1) Straight Line Variation with Mast Angle 







A1 1 0 
BELL Use or d~sclosure ol ddld on I h ~ s  page 1s 
HELICOPTER =mwr sublecl lo Ihr re\lrtcl~on on the l ~ l l e  pale 




Setting Angle Knc ba Kn 6 a 
1 0" .O0046 - .0348 
3 0" .00092 -.0354 
90" . )0143 - .0238 
2 0" .00046 
30" .00109 -. 0052 
-*013' 1 
SUBSYSTEM NO. 5: MODEL 301 HORIZONTAL TAIL AERODYNAMIC DATA 
Equations Constant M331 Value 
a HL 7 e 0,O for % < 1.0 




Che effect is included 
in calculating c 
W/H I 
- .001: 
Table H IV 
Table H 111 
I 
I 
TABLE H I  HORIZONTAL STABILIZER LIFT COEFFICIENT (CLH) I 
1 o O 1  lo0 15. I 20° 1 - lo0 1 -15' I - 20° 1 
I 
TABLE Y I I  HORIZONTAL STABILIZER LIFT COEFFICIENT (CLH) 
ELEVATOR ANGLE 
- -  
MACH NUM6ER (%) 
I 
Not 















N o t  

















D e f i n e d  
I 
N o t  








D e f i n e d  
TABLE H I 1 1  - ELEVATOR/RUDDER EFFECTIVENESS ( T ~ / T ~ )  
CORRECTED FOR MACH NO. AND DEFLECTION EFFECTS 
Ke OR Kr 
ELEVATOR 

































SUBSYSTEM NO. 6: MODEL 301 VERTICAL F I N  AERODYNAMIC DATA 
M301 Value 
'cables V IV, V V, V VI 
Equations Constant 




Table V 111 

























BELL Use Or d15clOurrr 01 d d t ~  ?n th15 pqr I\  
HEUOOPTER QOMWV s u b ~ l  10 the r r r t r ~ r l ~ o n  on Ihr tlllr @sir 
I 
TABLE V I I  VERTICAL STABILIZER LT rT COEFFICIENT (C 
RLFDDER ANGLE 
MACH NUMBER (b$) . 4  
- 




- .60  
- .575 
- .52  
- .4.; 
































- . 34  
- . 34  











TABLE VIII VERTICAL 
RUDDER ANGLE 
MACH NUMBER (%) 
I N o t  
Defined 
-165 
TABILIZER DRAG COEFFICIENT (Cb) 
6 = 0" 










N o t  

















'T" N o t  
Not Defined Defined ; I 
TABLE VIV - SIUEWASH FACTOR ( 1- w/ ) FOR FLAPS El & F4 WF 
FLAPS F1 (O/O) AND F4 (-28/-17.5) 
- 
SIDESLIP  ANGLE^^^ - DEG 
8, a E 0 4 8 12 16 20 
DEG DEG TO >5 0 50 
0 <- 12 1.0 1.0 . 1.0 1.0 1.0 1.0 1.0 
- 3 1.0 1.1 1.05 1.015 0.985 1.01 1.0 
0.4 1.0 1.038 1.044 0.965 0.933 1.0 1.0 
6,8 1.0 0.863 0.810 0.772 0.787 0.958 1.0 
13.2 , 1.0 0.524 0.517 0.474 0.491 0.673 1.0 
> 28 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
33 <-10.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
- 3. 1.0 1.13 1.072 0.9? 1.025 1.0 1.0 
0.5 1.0 1.248 1.093 0.977 1.015 1.056 1.0 
6.9 1.0 0.995 13.961 0.865 0.845 0.953 1.0 
! 13.3 1.0 0.677 0.595 0.523 0.526 0.681 1.0 
> 28 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
60 < -9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
-3. 1.0 1.15 1 05 1.0 1.06 1.1 1.0 
0.5 1 . 0 1.21 1.08 0.975 1.02 1.025 - 1.0 
6.9 1.0 0.945 0.975 0.9 0.88 0.92 1.0 
13.3 1.0 0.69 0.645 0.585 0.59 0.7 1.0 
> 28 1 . 0 1.0 1.0 1.0 1.0 1.0 1.0 
< -8 1.0 1.0 1.0 1.0 1.0 1.0 
1.09 1.10 1.18 1.15 1.04 1.0 
1.0 1.0 1.0 1,o 1.0 
0.834 0.865 0.866 0.842 0.924 1.0 
13.5 1.0 0.659 0.676 0.622 0.642 0.680 1.0 
> 28 1.0 1.0 1.0 1.0 1.0 1.0 



































S I D E  S L I P  ANGLE 
DEG 
DEG 
SUBSYSTEM NO. 7 :  MODEL 3 0 1  LANDING GEAR DATA 
Equation Cona tent 
DMG D,f(t) 
D~~ DONmf ( t )  
M301 Value 
0 2 4 6 8 10 
TIME, t - SECS. 

% .  'I. -, . 7 ' .  -*. - ,  $ .?: ,&.<&, hi;(. . +Jt;..\.. - ..--.*-...- - ': 'k* v g. 
.., 




SELL - .- Use or d ~ w l o w r e  ol udtd on Ih15 
CIEUCOPTFR - e ~ v  sublecl lo the r c r l r ~ c h o ~ i  on Ihr II:W r, 
('LN = k4.8 i n )  (B1 = 10 .0625~  @ $,= 0') 
TABLE CII DIFFERENTIAL CYCLIC PITCH ( b ~  
- L ("/in) 
ANGLE 
I 0 - 60 KTS 1 80 KTS 1 100 KT* 
TABLE C I  11 GIFFERENTIAL COLLECTS4 E P ITCII 
MAST ANGLE 
(DEG) 




b e k X ~ o l  
(" /in) 
8 o LL 
(DEG) 
(1) When conversion starts at mast angle of 
-5, 0 or 90; $, = 2.8 or 3.0. When conversion 
stops at mas' angle of -5, 0, or 90; = 0 
(2) At from quarter rate to max rate; at = .PS sec 
TABLE CVII GOVERNOR GAIN 
TABLE CVIII @ CWEPKOR LIMIT 
SUBSYSTEM 8(b): MODEL 3 0 1  MIRCI; GRADIENT DATA 
Equation Cots tant M301 Values 
F~~ F~~~ 2 
F~~ i o for vT < vI 
.026& for VT ;, VI 
0 for V T < V2 
,056 for V T -  > V 2 
0 for VT < V 1 
.Ol07 for V > VL T - 
0 for V < V2 
T 




0 for VT < V1 
.148 for V > Vl 
T - 
0 for V < V2 T 
NOTE: Breakout forces are adjusted by the pi lot  by varying the friction. 
BELL Uw or d ~ c ~ i o w r  01 ddld 1 ~ 1 1  t111\ +,t 1 5  
HE-R -r Subpfl  to the r o t r ~ c t ~ o n  s~ 1t.r !,' wi+ 
1 
SUBSYSTEN NO. 9 : H301 INERTIA COEFFICIENT DATA (AFT CG) 
Equation Cons tan t M301 Value 
2 20.5 Slugs - Ft /deg 
2 11.24 Slugs - F t  /deg 
2 9.26 Slugs - F t  /deg 
2 1.76 Slugs - Ft /deg 
SUBSYSTEH NO. 14: M301 GROUND EFFECT ROLLING MOMENT COEFFICIENT DATA 
Equation Constant M301 Value 
-8270 Ft. lbs, 
Deg . 
26186 Ft. lbs, 
Deg.-Ft. 
-23369 Ft. lbs. 
Deg.-Ft 2 
6336 Ft. lbs.  
Deg.-Ft 3 
SUBSYSTEM NO. 1 7 :  M301 COLLECTIVE GOVERNOR DATA 
Equation Constant M301 Value 
Table C VII 
T a b l e  C V I I I  





. . BEU Use or d~sclosure ot ddtd on 1111s pdqr I, 
n€UrnFTER cemmhlr wblecl lo the res t r~r t~un  on  ttw l ~ l l e  w ~ r  
Figure a. T53 Engine Acceleration 
Characteristics 
SUBSYSTEM NO. 19: NODEL 301 DRIVE SYSTEM DATA 
Equation Constant M301 Value 
9 I. 
L 
824.0 s l u g - ~ t k  
F l ( t )  nRPT 'RPT 1 35 .2  
B E U  
HELICOPTER GOMMIUV 




K l ~ u  (IJ) 
K 9 ~ u  
M301 Valut 
Table SAS I 
RSCAS 
Table SAS I 
0 . 5  Sec 
3.15 Sec 
3.15 Sec 
1 .0  Sec 
Table SAS I1 
Table SAS 11 
0 .6  Sec 
2 . 7  Sec 
2 .7  Sec 
1.0  Sec 






T 1 ~  
T 2 ~  
T 3 ~  
ESAS 







M301 Value I 










. .77  Inch 
U - Kts 
- - - .  
I . . I .  . 
i . !  , - , i 
1 . L  . . 
1 1 ' - 1 "  ! ' I  

. - . ; ..-. S-i.- TABLE SAS 11 - Gains for Yaw SCAS P'lectror ics . 1 
. . 
. . 
! - . :  . : :  . . . . .  
! 
I A A 1 I 
..-.. 
0 100 - 200 300 - 
U - Kts 
. . 
. . .-----i------ TABLE SAS 11 - Contd : 
. ., . 
: ! - 
. ..--. . - ! . ! .  


